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Lattice dynamics of NaAIH, from high-temperature single-crystal Raman scattering
and ab initio calculations: Evidence of highly stable AlH, anions
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Polarized Raman scattering on single crystals of NaAibls been used to determine the symmetry proper-
ties and frequencies of the Raman-active vibrational modes over the temperature range from 300 to 425 K, i.e.,
up to the melting poinfl,,¢ Significant softeningby up to 6% is observed in the modes involving rigid
translations of Na cations and translations and librations of AlHSurprisingly, the data indicate mode
softening of less than 1.5% for the Al-H stretching and Al-H bending modes of thg Attibn. These results
show that the AlF] anion remains a stable structural entity even near the melting point. First-principles linear
response calculations of phonon mode frequencies are in reasonably good agreement with the Raman results.
The phonon mode Griineisen parameters, calculated using the quasiharmonic approximation, are found to be
significantly higher for the translational and librational modes than for the Al-H bending and stretching modes,
but cannot account quantitatively for the dramatic softening observedTpggin the former two types of
modes, suggesting an essentially anharmonic mechanism. The effect of zero-point vibrations on the calculated
lattice parameters is found to be langxpansion by 1.2 and 1.5 % in teeandc parameters, respective)yas
expected for a compound with many light elements. We discuss the implications of the observed mode
softening for the kinetics of hydrogen release and hypothesize that breaking up theawithhs is the rate
limiting step. The enhanced kinetics of absorption and desorption in Ti-doped Na&liders is attributed to
the effectiveness of Ti in promoting the breakup of the Akhions.
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I. INTRODUCTION Al, or Ga' These hydrides have been known for decades, but
) ) o ) have attracted relatively little attention until the seminal dis-
Dynamics of hydrogen in solids is a long-standing prob-coyery of Bogdanovi et al# that, in the presence of transi-
lems in materials science which provides fascinating opportjonal metal catalysts, the material can reversibly release and
tunities to study the behavior at the boundary between th@psorbh hydrogen at ambient temperatures and pressures.
classical and quantum physics. Hydrogen, being the lightef{jetal-doped complex hydrides represent a new paradigm for
and the most abundant of all elements, exhibits interestingyjig-state hydrogen storage, promising a dramatic increase
properties that can be both usefelg., efficient solid-state i, the reversibly stored hydrogen weight fraction over tradi-
storage and detrimentale.g., hydrogen embrittlemenin  tjonal metal hydrides. The decomposition reaction proceeds
practical applications. From a theoretical perspective, dey, two steps, first into the sodium aluminum hexahydride

scribing the behavior of hydrogen from the first principles Ng,AIH ;, which further decomposes into NaH:
has always been a challenge because the simple classical

point-particle treatment is often a poor approximation due to NaAlH, = %NagAIH 6t §AI +Ho, (1)
the delocalized nature of the protonic wave function. Experi-
mental studies of hydrogen dynamics are invaluable for cali- NagAlH s = 3NaH + Al +§H2. ()

brating the accuracy of the varioab initio computational
methods that aim to incorporate the nonclassical nature ofhese reactions result in about 5.5 wt % of available hydro-
hydrogen in modern electronic structure studies. gen, surpassing all other known inexpensive materials. The
This paper deals with the lattice dynamics of sodium alu-system has reasonable kinetics only upon doping with a few
minum tetrahydride, NaAll] often referred to as sodium mol. % of transition metals, with Ti the preferred chotce.
alanate. NaAlH crystallizes in an ionic structure containing The Ti-halide doped samples begin to decompose at prag-
Na' cations and Al anions, arranged in an ordered mannermatic rates at temperatures of about 80-96 @&l below
on the vertices of a tetragonally deformed face-centered cithe melting point of the compound at about 1807%C.
bic lattice. Bonding within the AlRj (Ref. 1) groups is best The mechanism of enhanced kinetics in Ti-doped samples
characterized as polar covalgat detailed discussion of the is not yet understood, remaining one of the most important
electronic structure and crystal bonding can be found irobstacles towards developing other material/catalyst combi-
Refs. 2 and B Sodium alanate is a representative of a familynations with improved kinetics and higher hydrogen weight
of complex hydrides of the\,(MH,)" type, whereA is a  fraction. Numerous authct&°16 have performed kinetic
metal of valencen, andM is a trivalent element, such as B, and structural measurements on Ti-doped powdered samples,
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often reaching contradictory conclusions about the role of Tilution was then gently removed to a clean vial and a previ-
Here, we adopt a different approach and ask instead whatusly prepared and selected 0.5-1 mm crystal was placed in
happens in a sample that i®t doped with Ti as one ap- the supersaturated solution and used as a seed. Although
proaches and exceeds the thermodynamic transition temperadditional nucleation occurred in the seeded solution, the
ture for the decomposition reactiori#)? Surprisingly, the resulting seed crystal typically grew to around 2 mm in
dynamical properties of single-crystal NaAJtave not yet —dimension.

been investigated. Adopting this approach, we can character- Raman data were collected on a Spex model 1877 0.6 m

ize the dynamical properties and structural stability of thelfiPle spectrometer, using the 514 nm line of a Coherent In-
AIH; anion that is intrinsic to the bulk material, and gleanNOVaAr ion laser, at a power of about 10 mW at the sample.

valuable insights into what could be the rate-limiting physi-The spectrometer efficiency ratio for horizontal and vertical

. ; - ’~ polarizations was corrected for in the polarized spectra.
C‘.”l.l Processes a_lsso_uat_ed with reactlc_fhsand(Z). 'I_'he sta Spectrometer and filter gratings were 1800 and 600 lines/
bility of the AlH, anion is of particular interest, as it can help

X " mm, respectively.
to clarify _the role qf the transition metal dopant, and can be All spgctra w)ére collected in 180° backscattering geom-
probed directly using Raman spectroscépy.

: ; etry utilizing a microprobe apparatus consisting of ax20
We have grown single crystals of sodium alanate and pefgpiaciive to focus the incident light and collect the scattered
formedin situ Raman scattering measurements up 1o, angight, Polarization data are described using Porto notation,
slightly beyond, the melting temperature of this compoundsych as(xy)z, indicating that the incident and scattered light
Use of high-quality single crystals allows us to accuratelyyraye| along thez andz direction, and the incident and scat-
identify the symmetries of the phonon modes and investigat@red polarizations areandy, respectively. These directions
the temperature dependence of their frequencies. The Ramagrrespond to the laboratory frame with the crystal orienta-
results are compared with the predictions of state-of-the-aion described below.
ab initio density functional theoryDFT) linear response cal- The high-temperatura situ cell consisted of a cylindrical
culations of harmonic phonon frequencies and quasihamplatinum sample pan of approximately 7 mm in diameter and
monic Gruneisen parameters. We find that the phonon modésmm in depth, with one end open to allow for entry and exit
separate neatly into four groups, best described as translaf the laser beam. The platinum pan was enclosed in an
tional, librational, Al-H bending, and Al-H stretching modes, alumina cup surrounded by a heating coil. A water-cooled
in agreement with previous Raman studies powdered stainless steel housing enclosed the sample holder and had a
NaAlH,.1? Of these modes, the former two exhibit dramatic fused silica window on one end. A constant flow of approxi-
softening in the narrow interval from room temperature tomately 3-5 cc/sec of ultra-high purity Ar was maintained
the melting point, indicating the presence of very large anthrough the cell during thén situ measurement. A type-K
harmonic effects beyond the “normal” softening associatedn€rmocouple bead was held in contact with the bottom of
with lattice expansion. In contrast, the high-frequencythe pan, upon which rested _the crystal. The temperature
modes, corresponding to deformations of the }Hlfbtrahe— measurements were approximate because of nonideal
dra, show a weak temperature dependence, indicating th(tjnermal contact between the sample and the thermocouple

the thermal excitation energies available at ambient temperaﬁ)-r sample pan.

tures are too low to compete with the strong chemical bond- o _

ing within these molecular units. Since the decomposition of B. Ab initio calculations

NaAlH, requires breaking up of the A[Hi units and rebond- Ab initio calculations of phonon spectra were performed
ing some of them into an octahedral coordination to formysing the density functional theofDFT) linear response
NagAlHg, and both of these processes have to happen wethethod?° We used norm conserving pseudopotentials gener-
below the melting temperature, our results suggest that thigted according to the Troullier-Martins prescript@nnclud-

breakup is the rate-limiting step in reactitl). ing the Louie-Froyen-Cohé&anonlinear core correction for
Na and Al. Wave functions were expanded in a plane wave
Il. METHODS basis set with an energy cutolf,,,=680 eV. A regular 8

X 8X 8 k-point mesh was used for sampling the electronic
states in the Brillouin zone of the body-centered tetragonal
Single crystal samples of NaAlHvere grown by solvent unit cell of NaAlH,. The structural properties and formation
evaporation fronSigma Aldrichl M solutions of NaAlH in  energies calculated with both the local-density approxima-
THF. The crystals were grown in capped vials of diameter 2gion (LDA) and the generalized gradient approximation

mm and a height of 50 mm. Typically 10 mf & M solution ~ (GGA) have been given in an earlier publicatibBorn ef-
was used for evaporation. fective chargesZ,4(i) describing the macroscopic polariza-
Multiple nuclei were often observed, and assumed to béion induced by ionic displacements in optical phonons, and
due to impurities in the as-received solution, and resulted ithe high-frequency dielectric tenseiﬂ were calculated us-
the formation of many crystals of dimension 0.1-0.5 mm.ing the linear response formalisthDue to the large band
The following procedure was employed to produce largemgap of NaAlH, (about 5 eV, the 8x 8 X 8 k-point mesh was
crystals. A vial prepared with solution as above was allowednore than sufficient to obtain very accurate dielectric
to evaporate to the saturation point of NaAlid THF, about  properties. Decreasing the sampling mesh t065< 6 pro-
3 mols/I® Many crystallites formed in this solution and re- duced negligible (approximately 1% variations in the
moved many of the nucleation sites. This supersaturated sealculatede, ;.

A. Experiments
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Phonon mode Grlneisen parameteysdln w/dln a, same level as the quasiharmonic softening. In contrast, our
wherew is the phonon frequency, were estimated using thdinear response LDA results are numerically accurate to a
quasiharmonic approximation. We considered changes ifew cni?, i.e., increasing the plane wave cutoff energy, the
both the overall volume at/a=const and in the/aratio at  number ofk points or the degree of convergence would re-
V=const, wherec and a are the lattice parameters for this sult in very small changes in the calculated frequencies.
body-centered tetragonal crystal. For each, we took an in- The important question of physical accuracy is much
crease of approximately 2% and subsequently performed gore complex, as there are several effects which are either
relaxation of hydrogen positionémetal ion positions are 4pnr0ximated or not included in these kinds of calculations.
fixed by symmetry. Phonon frequencies were calculated onamong the latter, use of approximate exchange-correlation

a.4>< 4x4 pho_non wave vector grid. Using standard eXpresTunctionaIS(LDA or GGA) and quasi-harmonic treatment of
sions for the vibrational free energy, we expressed the Iatteénharmonic vibrational effects are the most serious. Note

as a linear function of lattice parametessand c, and a , : I
; : ; . ’ that the calculations are performed at the predicted equilib-
nonlinear interpolating function of the temperature. We alsoium geometry(obtained from LDA or GGA for a static

arametrized the total static lattice energy as a function of . . N i . ;
Eotha andc. For each temperature, the m?r%/imum of the to,[alnonwbratmglatﬂce. Effect of atomic vibrations on the lattice

free energy(static lattice+ vibrationa) yielded the lattice Parameters is taken into account via phonon mode Griineisen
parameters as functions @f In principle, a fully consistent Parameters, which allow us to evaluate both 0 K lat-
quasiharmonic treatment also requires the evaluation of théc€ expansion due to zero-point vibrations and e 0
GrUneisen parameters Corresponding to Changes in hydrog@ﬁefﬂc|ent of thel’mal eXpanS|0n. Our treatment |nC|UdeS the
coordinates. However, such a tedious undertaking is exchanges in effective interatomic force constants due to lattice
pected to matter only for the high-frequency Al-H bond- €xpansion, but neglects intrinsically anharmonic effects, such
stretching and H-Al-H bond-bending modes. Since the therthose associated with phonon-phonon interactions and finite
mal population of these modes is low even at the melting?honon lifetimes. The quasiharmonic approximation is ex-
temperature of the compound, the effects on the lattice paPected to become increasingly worse upon approaching the
rameters and quasiharmonic mode softening are expected feelting temperature, which for NaAlHis around T
be small. =180 °C. Since the crystal melts by disintegrating into" Na
For NaAlH,, it has been shown that the generalized gra-cations and Alt] anions, it is expected that near the melting
dient approximatiofGGA) gives noticeably better structural temperature the translational displacements and rotations of
properties and formation energies than the LDA.is also  the AlH, units become very large, and thus the importance of
reasonable to expect that the GGA will give better phonorintrinsic anharmonic effect§.e., of those beyond the simple
frequencies if the calculations are performed at the predicteguasiharmonic lattice expansiofor the low-energy modes
GGA lattice parameters. Unfortunately, since the GGA is noshould also increase. The magnitude of these effects could be
implemented in our linear response code, we had to resort fguantified usingab initio molecular dynamic¢MD) simula-
frozen phonon calculations using the Vieratainitio Simu-  tions, which we unfortunately found to be impractically time
lation PackagéVASP) developed at the Institut fiir Material- consuming, and possibly lacking in physical accuracy due to
physik of the Universitat WieA>2” We obtained all they  the neglect of the quantum-mechanical nature of hydrogen
=0 phonon states using the unit cell of NaAldnd calcu- ions in MD. Further studies based upon a fully quantum-
lating all seven(two each for Na and Al and three for)H mechanical treatment of the H ions, such as the path integral
symmetry inequivalent rows of th@=0 dynamical matrix. ~approactf® would help to clarify whether the existing dis-
Individual e|ement§)gﬁ of the q=0 dynamical matrix are crepancies between the calculated and measured lattice pa-
proportional to the force acting on the atdralong the Car- rameters and phonon frequencies can be attributed to the
tesian directiona if the atomj is displaced by a small approximate exchange correlation, to the approximate treat-
amount along the directios, F,,=—VM;M;D .u\,. For each ~ment of the hydrogen dynamics, or both.
symmetry-inequivalent choice of,, the forces~!, were ob-
tained for a set of 11 evenly distributed displacements around ll. RESULTS
the equilibrium position, fromu\,=-0.1 to +0.1 with a step
of 0.02 A. The calculated HeIﬁnan-Feynman forces were fit .
using third-order splines, and the linear terms were used to The crystal structure of NaAlklis body-centered tetrag-
extract D! ;. We encountered annoying numerical issuesonal with the space groupt, ,. 39 The prepared NaAlj
when extracting accurate values B ; associated with the single crystals were square pyramidal in morphology, with
movement of Na atoms, caused by small, seemingly randorthe largest facets beleOl) _planes. This crystal habit is
fluctuations in the Hellmann-Feynman forces at the level of€lated to that of scheelite, with prototype structure CaWoO
0.02 eV/A. The origin of these numerical errors is not clear.The scattering geometry had the incident and scattered light
We estimate that the frequencies of the low@sinslational ~ @long the normal to the101) facet. The vibrational mode
phonon modes, listed in Table I, have a numerical uncerStructure of th|s. crystal can pe determined from the correla-
tainty of approximately 10 cit. This uncertainty is small tion method}! with the following result:
enough so that a meaningful comparison with experimental tot _
Raman data is possible. However, we were not able to ex- Tyip = 3Ag + 5B, + 5E + 3A, + 3B, + 3E,, ®
tract the Griineisen parameters from GGA frozen phonon caNaAlH, is centrosymmetric, therefore all evdfgerade’)
culations for the translational modes as the noise was on thmodes are Raman active, and all odd modes are infrared

A. Mode assignments from polarized Raman spectra
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TABLE |. Measured Raman mode frequencies from ¢he1) face in single crystal NaAlglin cm ™.
Horizontal lines in the table separate, from lowest to highest wave number, modes attributed to translation,
libration, Al-H bending, and Al-H stretching modes, respectively. All data were taken at temperature of
approximately 22.5 °C. The fitted peak position errors are shown only when they are greater than or equal to
1 cnmL. The last column lists the phonon mode Griineisen parameters for a uniform change in yolume
=(dln w/dIn V), calculated using the LDA linear response method.

Mode Polarization Ab initio calculations
symmetry XX Xy yX vy LDA GGA v
Translational modes
= 117 117 117 135 116 1.4
By 125 125 125 125 128 101 0.7
= 184 184 184 210 191 1.0
Bga 184 220 182 1.7
Librational modes
Ag 432.5 432.5 512 458 0.9
Eq 524 524 525+1 614 560 0.8
Al-H bending modes
Ag 771 7651 759 748 0.5
By 817+1 815+2 813+1 786 797 0.3
Eg? 848+3 851+4 822 817 0.7
Bg° 844 850 0.5
Al-H stretching modes
= 1684 1687 1687 1681 1649 0.3
Ay 1774 1773 1729 1726 0.2
Bga 1782 1782+3 1706 1673 0.3
aTentative assignment.
bUnable to assign.
active, according to the rule of mutual exclusion. The Raman -0.74 - 0.91f -0.67e
polarlnglhty tensors fgr the crystal cIassn4/C4,_1, for the E-| - 0.91f 0 0.41% 7)
irreducible representation&;, By, andE,, respectively, are 9
-0.67% 0.41f 0.74%

a0o0 c d 0 0 0e
Ag:OaO,Bg:d—cO,Eg:OOf
00D 0O 0 O e f O

(4)

The tensors, after transformation to a coordinate system wit
the [101] direction pointing along the laboratowy axis (a
rotation of the crystal about the laboratoyy axis by ¢
=1.1537 rag, become

0.8b+0.2a 0 0.44- 0.4
Ay 0 a 0 , (5)
0.4a-0.4b 0 0.b+0.8a
0.1ec 0.4d 0.37
Byl 0.4d  -c 094 |, (6)
0.37c 0.91d 0.84

While no polarization configuration in this scattering geom-
etry allows a single symmetry to be exclusively allowed, we
will show that careful experimental analysis combined with
first-principles calculations of phonon frequencies allow us
to experimentally identify most of the Raman-active
phonons. It can be seen from the transformed polarization
tensors in Egs(5)—7) that Ay modes will have no mixed
ﬁomponent$xy or yx). Ay modes represent motion of hydro-
gen atoms only. BotlE; and B, modes result in hydrogen
atom motion, but differ in the motion of the metal atorgs.
modes will have nyy component, and correspond to Na and
Al motion perpendicular to the axis of the crystalB,
modes can have all components of polarization for this crys-
tal face, and correspond to Na and Al motions parallel to the
C axis.

The class of 4/5d oxides isostructural to CaWfOhas
been investigated by Portet al. (Ref. 18, and references
therein. The phonon modes of these oxides are well de-
scribed by “external” modes, where th&)," ions are con-
sidered rigid structural units, and “internal” modes, in which
the the ions undergo molecularlike vibrations about a station-
ary center of mass. We show that the NaAlttystal can be
described in the same manner.
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—anslation ___ libration _____ Al-H bending 125 cm?, has a very diminisheetx component relative to

E | E the other polarizations, it is assigned By. The peak at

\ I g 184 cm! has strong intensity in thex, xy, andyx polariza-
<g

tions, consistent with arE; mode. However, the peak at

184 cmi! also contains some intensity iyy polarization,

which cannot come from ak; mode. Analysis shows that

the yy intensity is greater than expected from “leakage” of

the E; mode due to misalignment of the crystal. The intensity

in theyy polarization of theE; mode at 117 cnt is about 24

times weaker than thgx polarization intensity. In contrast,
MM theyyintensity of the 184 cit peak is about 9 times weaker

b ol wﬁj\w A than thexx intensity. The large difference in thex andyy

A N TN intensity ratios for the two peaks suggest that the 184'cm
Raman Shift [cm '] peak contains 8; mode in addition to the cledE, mode.

. We note that this assignment is tentative.

_FIG. L. (Color onling Raman spectra from t_héLO_J,) face of Libration modesThe mode at about 432 chis assigned

single crystal NaAlH, showing the bending and libration modes of fo Ag. Any intensity in the mixed polarizations is attributed to

the AIH,* anion, and the translational modes at the lowest values o . S .
eakage due to slightly misaligned crystal or polarizer set-

the wave number. For clarity, the intensity scales are different in thefgl B th . intensitv i |arizati th
three panels and the spectra are offset. In each panel, the polariz ngs. Because there is no intensity in §epolarization, the

tions arexx, xy, andyy, from top to bottom. mode at about 524 chhis clearly Ey.
X0y anayy P Al-H bending modesThe peak at about 767 ¢thas

strongxx andyy intensity and no intensity in crossed polar-

_ The measured Raman spectra at room temperature aigyion (xy andyx). Therefore it is am\; mode. The crossed
given in Figs. 1 and 2. The extracted values for the mod olarization spectra show a broad band around 825 cm
frequencies at room temperature are given in Table I. Whil ith at least two peaks. This band must arise fiBgor £
the vibrational modes corresponding to Al-H stretching, , qes The peak at about 815 dmshows intensity inyg
bending, libration O,f the Al,L:l' anion, and translational polarization and some intensity kx polarization, establish-
modes were determined previously on powdered sanipkes, ing it as aBy mode. Assigning the intensity near 849 dis

polarization analysis of single crystal samples is required fobroblematic—it arises from either, mode with small ma-

unambiguous mode symmetry identification and to distin-mx elementc or anE, mode with small matrix elemert as

guish overlapping vibrational modes. The data peaks were fify, .\ in Egs.(6) and (7). Furthermore, the calculations

to pseudo-Yoigt profiles. The fit.ting errors shown do not "P-show that there is 8, mode andE, mode in this vicinity.
resent the instrumental resolution of the spectrometer, WhicBa-ause the otheB gmodes haveg strongy intensity, we
g 1

is approximately 1 cmt. Some of the peak positions are tentatively assign the 849 cihpeak, with its weakyy inten-
zggtrilgllny temperature dependent, as shown in the nexy, o E,. We note that the peak may contain intensity from
C the B, mode.
Translation modesThe four modes of lowest frequency AI-gH stretching modesTheyy component shown in Fig. 2

) . Lo an be fit well by a pseudo-\oigt line shape. The strggg
mately 117 cm- consists of strong contributions froxx, xy, and xx components at about 1773 chare therefore as-

and_yx and essentially no intensity iyy, and was therefore signed to A, The lack of yy component at about
assigned toE,. Because the next mode, located at abOUt1683—1687 cmt clearly indicates that this mode B A fit

to the peak positions of the remaining intensity under the
strongAy mode, shown in the inset, yields a slightly different
Raman shift of about 1781-1782 thand is assigned B,

The By assignment here may be incorrect and the intensity in
the mixed polarizations the result of mode leakage from
slight misorientation of the crystal or polarizers.

Intensity [ arb. units]

= & & 1
Al-H stretch

yy—>

Intensity [a.u.]

PRI N

1600 1800 2000
S

Raman Shift [cm |

Intensity [arb. units]

B. High-temperature Raman spectra—Structural stability

Nonpolarized spectra were collected farsitu measure-
b ments as a function of temperature. The crystal of NaAIH
T used in thein situ measurement was observed to begin de-
Riszn SHiE: [Cm-l] composing, with surfaqe melting and bubbling, presumably
from hydrogen outgassing, when the thermocouple measured
FIG. 2. (Color online@ Raman spectra from thel01) face of ~ about 161 °C, which we refer to as the “apparent” melting
single crystal NaAlH, showing the Al-H stretching modes. The temperature. The melting temperature of NaAlby our
inset arrow shows the shoulder on tBg modes in thexy andyx ~ own differential scanning calorimetry measurements is
polarizations where thB; mode may be located. 180.5+0.5 °C. We believe the difference is due to the flow of
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1} = 3 . 3 s s 3
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B X
5 E r = ¥ i iy x 1
& 74°C = = = 5
2 54°C & 0.96/- == oz d
@ . . ~ K3 x g
g 122°C libration & [ * Stretch L S
= &£ 094 « Bending X f =
& | + Libration J [} f.
» Translation
155°C — 0.92|- |
Y I I IR [ I T N
300 320 340 360 380 400 420

Temperature [K]

Raman Shift [cmfl]
Fl | i larized R ; inal FIG. 5. (Color onling Fitted values for the vibrational modes as
CT.I\?AAICO oron |n_e Unpolarize arr;]an §pectr2 rom S'Pghe a function of temperature. The modes are color coded for each of
(.:ryStfd H, at varying temperature, showing softening o the the groups: translatiotblack), libration (green, bending(red), and
librational and translational modes, indicated by a shift to Iowerstretching(blue) The bending and stretching modes of the AlH
wave number. anion shift less than 2% from their room-temperature values at the

argon in our Raman test cell. Results of thesitu measure- melting point of the compound.

ments are shown in Figs. 3 and 4. Mode softening is evi- ) i
denced by a shifting of the vibration frequency to lower val-vation establishes that AlHpersists as a stable molecular

ues of the wave number. This indicates that the forcePECies even after the NaAjHattice is lost.
constants between atoms involved in these modes are be-
coming weaker, as a result of lattice expansion and anhar- C. Results ofab initio calculations
monic effects. The calculated phonon frequencies using the LDA and
The data indicate that the Al-H bending and stretchingGGA are given in Table |, and the corresponding eigenvec-
modes are not softening nearly to the extent observed for theyrs are shown in Figs. 7-10 below. Each set of phonon
libration and translational modes. Figure 5 shows the shift$requencies was calculated at the static equilibrium lattice
of fitted peak positions as a function of temperature. In casegarameters predicted by the LDA and GGA, respectively.
where the modes overlapped, such asAhandBy modes at  Since the latter are several percent smaller than the experi-
about 1773 ciit, the peaks observed were fitted to a singlemental values, the calculated LDA frequencies are expected
pseudo-Voigt profile. Th&, libration modes were difficult to  to be somewhat higher than the experimental values, a well-
fit and resulted in large error bars; however, their shifting toknown problem of the LDA which also manifests itself in
lower wave number with temperature increase is clearly visTable |. Overall, the quantitative agreement between the
ible in Fig. 3. Note that the Al-H bending and stretching GGA frequencies and the experimental Raman data is better,
modes shift less than 2% from their room temperature valuesut far from perfect. We attribute this to the neglect of ther-
up to the melting point of NaAlll This suggests that the mal expansion and zero-point vibrations in the calculated
AlH anion is a stable structure up to the melting point. In
fact, slightly below about 161 °C, the Raman modes associ-
ated with the crystal lattice completely disappeared while the

IM NaAlH, in THF

AlH; anion modes persisted, as shown in Fig. 6. This obser- 0
=
=1
AllHl;dlll L A g
5 cenain, -Hs —
g s540C Al-H stretch — 30C > o
iIZIOC a Pl IR MR sl RPN N
— 159°C § | Molten NaAIH, 169°C
=
g Al-H stretching

Intensity [arb. units]

PE PR P T TR PP R B
200 400 600 800 1000 1200 1400 1600 1800 2000
. -1
Raman Shift [cm 7]

FIG. 6. The bottom panel is Raman spectra of the surface melt
of NaAlH, at 169 °C. The apparent melting temperature of the crys-
tal was 161 °C. The Alg anion is still clearly intact, indicating that
the molecular unit is stable in the melt, where the loss of crystal

FIG. 4. (Color onling Unpolarized Raman spectra from single periodicity destroys the translational and librational modes. The top
crystal NaAlH, at varying temperature, showing only slight soften- panel illustrates vibrations of the AjHanion n a 1 M solution of
ing of the bending and stretching modes of the Zeaﬂdnion. NaAlH, in tetrahydrofuran THF) for reference.
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FIG. 7. (Color onling Translational modes in NaAlH Red(Al)
atoms are tetrahedrally coordinated with gréen atoms.

equilibrium structural properties, as discussed below.

PHYSICAL REVIEW B 71, 024118(2005

FIG. 9. (Color onling Al-H bending modes in NaAlg

brations that were found to exhibit considerable softening
upon approaching the melting point. All translational modes
in Fig. 7 correspond to simple motions of Na ions and AlH

groups relative to each other. The librational modes, shown

It is evident from Figs. 7-10 that the separation into fourin Fig. 8, exhibit rigid rotations of the Algf tetrahedra along
phonon mode groups, translational, librational, Al-H bendingthe axis that are either parallel to the tetragomalirection
and Al-H stretching, is indeed justified. Of particular interest(Ay mode or lie within the (xy) plane (E; modg. The dra-
are the former two, since they correspond to low-energy vimatic softening of the translational and librational modes

FIG. 8. (Color online Librational modes in NaAli

near the melting point, and the absence of any noticeable
softening in the Al-H bending and stretching modes shown in
Figs. 9 and 10, point to a melting mechanism where }’(IH
remains as a stable structural unit up to and beyiQndince

any reaction path for dissociating the ﬁljﬂunit must nec-
essarily involve a linear combination of the Al-H bending
and stretching modes, it is natural to hypothesize that break-
ing up (or rebuilding the AIH;* units is the reaction bottle-
neck for hydrogen releagabsorptionin NaAlH,. As argued

in the following section, the role of Ti catalyst could be to
facilitate the breakup of Algf units and to reform some of
them as AlH, as required by the two-step reactidd$ and

(2).

The calculated dielectric properties are given in Table II.
The Born effective charges indicate that NaAlid a highly
ionic compound where the Na atoms are completely stripped
of their valence electrons, and Al atoms partially so. This
further supports the analysis of the bonding charge distribu-
tion and electronic band structure presented in Ref. 2, where

024118-7
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FIG. 10. (Color online Al-H
stretching modes in NaAlH

the Al-H bond was characterized as polar covalent. The calening of the Al-H bending and stretching modes is consistent
culated anisotropy of the dielectric tensasig8 is mild, which  with this estimate, while the frequencies of the translational
is again consistent with the relatively isotropic shape of theand librational modes show much more dramatic decrease.
band structure of this compound. Therefore, we conclude that the large softening observed in
The calculated phonon mode Griineisen parameters, listate in situ experiment should be attributed to intrinsic anhar-
in Table I, show that the low-energy translational and libra-monic effects caused by large-amplitude vibrations near the
tional modes indeed soften most upon lattice expansion, awelting point.
expected. In contrast, the Al-H bending and stretching mode When studying compounds with many light atoms per
Griineisen parameters are much smaller, indicating that thi@rmula unit, it is important to understand the effects of vi-
bonding within the AII—];1 unit is relatively unaffected by brations on the structural properties. This is especially in-
lattice expansion. Furthermore, the magnitude of the calcutriguing in light of the results of available theoretical
lated Griineisen parameters suggests that the observed fielculations, which have found that the discrepancies be-
guencies would decrease by approximately 1% for each 1%veen the calculated and experimentally measured lattice pa-
change in the lattice parameter. Using our calculated estimatameters are unusually largevith GGA, the values ofa
of the lattice thermal expansion, shown in Fig. 11, this wouldand ¢ were predicted to be 0.4% and 2.2% smaller,
account for only an=0.5% decrease in phonon frequenciesrespectivel§). We have calculated the effects of zero-point
over the temperature interval shown in Fig. 5. Only the soft-vibrations and thermal expansion as described in Sec. 11 B
using the LDA linear response method. The results are
TABLE II. Born effective charges and dielectric constants for Shown in Fig. 11. The lattice parameters have been expressed
NaAlH, calculated using the DFT linear response and LDA. Ten-asa/a, andc/c,, whereag andc, are the equilibrium lattice
sors are given in a Cartesian coordinate system where #éhés is ~ parameters of a static nonvibrating latticeTatO K, neglect-
pointed along the tetragonat direction. The Na ion is at ing zero-point motion. It is evident that vibrations have a
(0,1/4,1/8), the Alionis atl1/2,3/4,1/8), and the Hionis huge effect on the calculated lattice parameters, increasing
at (0.763,0.597,0.460n fractional coordinates. theT=0 K values by more than 1%, and changing the room-
temperature values & andc by 1.7% and 2.7%, respec-

1.04 ——————————
Z,5(Na) +1.16 -0.03 O g i
+0.03 +1.16 O 'z 103:
0 0 +10 g f
Z,p(Al) +1.67 +0.02 O s i
S 1.02
-0.02 +1.67 O 5 U
<
0 0 +21 o
Z,5(H) -0.73 -0.05 +0.0 g L01f -
~0.05 -0.68 +0.1 E i Zero-point vibrations 1
- tool Y v v v e
0 +0.08 +0.09 -0.7 0 0 100 200 300 400
EEX 10.1 Temperature (K)
€, 9.2
€y 3.5 FIG. 11. (Color onling Calculated thermal expansion for
€, 3.7 NaAlH,, expressed aa/ay, wherea, is the lattice parameter of a

static nonvibrating lattice, neglecting zero-point motion.
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tively. If similar effects hold for the GGA, our results suggest biguously identifies nine of the 13 Raman active modes. The
that vibrational expansion could remove the bulk of the distemaining four mode assignments are tentatlnesitu Ra-
crepancy between the calculated GGA and measured roomaan spectra, taken up to the melting point of Naglkhdi-
temperature values af(from 2.2% smaller to 0.7% smaller  cate significant softening of the translational and vibrational
although it should be noted that the agreement between thmodes. The bending and stretching modes of the,AdRion
GGA and experimental numbers for theparameter would are found to soften less than 1.5%, and indicate that the
be worsenedit would change from 0.4% smaller to 0.8% anion is structurally and dynamically stable up to the melting
largep. Finally, our predictions of the lattice thermal expan- temperature of the undoped single crystal. These results sug-
sion between 300 and 450 K agree well with the x-ray datagyest an obvious explanation for the very low rate of hydro-
obtained on powdered samples by Gressl,'* who found  gen release at temperatures bel®y; from undoped bulk
0.2% and 1% increases in tleeand c parameters, respec- NaAlH,. Since in a typical applications-oriented sample,
tively. These results have obvious implications for otherdoped with 4 at. % TiG| the observed decomposition tem-
complex hydrides with high hydrogen weight fractions, asperatures are roughly 80-90 °C, or 0.7/, this suggests
the ionic zero-point vibrations are expected to result in sizthat the catalytic effect of Ti should involve an interaction
able changes in the calculated lattice parameters. In fact, dwith the AIH, anion, and a weakening of the Al-H bond
namical effects may account for most of the previously ob-strength, resulting in a breakup of the structural unit. Indica-
served discrepancy between the theoretically calculated arttbns that substitutional Ti weakens the Al-H bond, have
experimentally measured lattice parametetsSince the been offered by the calculations of Ifiguetzal 32 However,
simple quasiharmonic Grlineisen treatment seems to “ovehe exact location of catalytically active Ti atoms remains a
correct” thea parameter, it would be of great interest to controversial topic that requires furter stufefy?13.16.33

apply a computational method with a more accurate theoret-

ical treatment of the quantum nature of the proton. Such a ACKNOWLEDGMENTS
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