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Vibrational spectrum of magnesium hydride
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The vibrational spectrum of hydrogen atoms in magnesium hydride has been studied by means of inelastic-
neutron and Raman-scattering experiments between 12 and 295 K. After careful evaluation of multiple scat-
tering and multiphonon contributions, we provide a vibrational frequency spectrum up to 180 meV and the
mean-square displacement of hydrogen atoms. The inelastic light scattering spectra pptgters show
three Raman allowed mode&\{;, B,4, andEgy) and some smaller features that can be related with second-
order and disorder-induced processes.

Hydrogen forms almost ionic hydrides by reaction with BaH,, although the poor resolution of the experiments did
all of the alkali and alkaline-earth metals. In these materialspot allow a precise definition of the hydrogen vibrations.
evidence seems consistent with hydrogen being present in In the present work, we study the vibrational density of
the form of anions or modified anions. On the other hand, istates of magnesium hydride by means of inelastic-neutron
reacts exothermically to form metallic, semimetallic, andand Raman-scattering experiments. Because of the large in-
semiconducting hydrides with the transition metals in groupsoherent cross section of hydrogen, this contribution domi-
I, IV, and V as well as with the rare-earth metals and thenates the neutron-scattering spectra, allowing the extraction
actinide metals. The transition metals in groups VI, VII, andof the phonon density of stat¢BOS) from the experimental
VIl react endothermically and generally do not form stabledata. On the other hand, the Raman spectra enable an addi-
hydrides, with the notable exception of palladium. tional check and provide valuable symmetry information to

In groups-11I-VIIl metal hydrides, the proton can be seenidentify the phonon bands in the vibrational DOS.
as an impurity, and it is possible to imagine a continuous Magnesium hydride has the rutile structure with H atoms
transformation between metal and hydride lattices, produceff™™Ming a slightly distorted hcp lattice, while the Mg atoms
by distortions in the primitive metal lattice due to the filling °¢CUPY half of the available octahedral sifeBhe samples
of the interstitial sites. The dynamics of the proton within used were powders produced from metal trnings and gas-

these metal hydrides has been the subject of great interest i lrJnS S}ydror?eln iin afﬁée? \illongnei \r/esrsel r?it 50t(r)1°tC. It follows
the past decades, motivated by the high mobility of hydro- 0 € analysis ot detale crographies that Mghy-

. . . . dride forms 36-60 um layers surrounding unreacted
gen, the existence of almost dispersionless modes of V'brathwetab phase at the cores of the turnings. The overall com-

ti_on, '?md the relation between superconductivity and ppti osition, MgH,s, was obtained from the change in the H
vibrations. Qn th? oth_er handz the structu_re and dy”am'cs ressure within the reactor, and was subsequently confirmed
the ;_)roton is quite different in the hydrides of aIkgh and by a neutron-scattering technique described elsewh&he
alkgllne-egrth metalée.g., MgH,), where Iongjrange Inter- |attice parameters at room temperature of the rutile structure,
actions exist between hydrogen atohishere is a lack of a=4.525 A andc=3.025 A, were defined by x-ray diffrac-
experimental and theoretical studies concerning the dynamgn experiments, and these values are in good agreement
ics of hydrogen in these almost ionic hydrides. In contrast tGyith the data found in the literature.

this situation, the large coherent cross section of fluorine The inelastic-neutron scatterin@NS) experiments were
atoms makes possible the determination of the dispersioperformed at the high-flux reactor located at the Institut
curves, and much work has been carried out on alkaline andaue-Langevir{Grenoble, Frangeusing the triple-axis spec-
alkaline-earth fluorides compounds (MgBaF,, NaF, trometer IN1, and the analysis of energy was made using a
etc?), which are usually isomorphous with the correspondindiquid-nitrogen-cooled beryllium filter to select neutrons with
hydrides. In addition, extensive Raman results have been rdinal energies below 5.2 meV. Monochromatic neutrons with
ported for these latter compounds, providing accurate valuegnergies between 20 and 170 meV were employed and the
of the frequencies and symmetries of the Raman-allowedetectors were positioned #=90°. The inelastic spectra
vibrations# Although these results provide starting points towere taken at 295, 200, 150, 100, 50, and 12 K. An extra
predict the actual dynamics of the hydrides, a more detailetheasurement at 12 K with less flux but improved resolution
study will require direct experimental data. An early work was performed, thus verifying that the instrument resolution
reports the neutron inelastic spectra of GatbrH,, and is not important to define the relevant features of the spectra.
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In the present case, the spectrum can be divided into three
broad ranges, separated by two gaps between 40-55 meV
and 105-115 meV. The ranges above 55 meV clearly corre-
spond to H-related optic vibrations and the large widths sug-
gest a large dispersion on the optic phonon branches and,
consequently, strong H—H interactions. The observed widths
could be expected by extension of the features depicted by
the dispersion curves and the vibrational density of states of
other systems having the rutile structyidgF,,MnF, (Ref.
12)]. The optical range of Mgkl in addition, agrees with the
low-resolution inelastic spectra of CaHSrH,, and BaH
reported over a reduced energy rangée band between 20
and 40 meV can be associated with in-phase vibrations of
hydrogen and Mg atoms. The relatively high intensity of this
part of the spectrum indicates that the hydrogen components
of the eigenvectors are large for these modes, and the
T e, S N “metal” phonons should be strongly mixed with hydrogen
0 20 40 60 80 100 120 140 160 180 vibrations:®

ho (meV) The energy range covered by the experiment was chosen
according to the results reported from neutron-transmision
and infrared-absorptidh experiments, which indicate that

the multiple scatteringdashed-dottedand multiphonon(dashed- the vibrational SprCtrum extends up to j,'70 meV. We also
double-dotted contributions. Shown in the inset is the vibrational _nOte that the mf"lx'mum frequency at Whlch phonon-related
density of states of H in Mgkicomputed from the corrected 12-k infrared absorptions occu45 meVj (Ref. 1) is very close
spectrum. Bottom: Raman spectra of Mgkit room temperature 10 the frequency of the highest band observed in the present
(@), and 77 K(b), obtained using the 488-nm line of theAlaser.  experiment(148 me\j. These results justify hypothes(a)
The low-energy region obtained at 77 K with the 514.5-nm laseradopted above for the evaluation of the multiphonon compo-
line is also displayedc). The main peaks are labeled by their as- nents to the experimental data. On the other hand, assump-
signed symmetry. tion (b) was adopted as a reasonable guess for the low-
frequency part of the spectrum, considering that 18 meV was

Multiple scattering corrections to INS spectra were per-the lower-energy exchange available in the present experi-
formed employing a Monte Carlo code devised for thement.
present experimental configuration, based on the procedure In the analysis that follows, we will consider the 12-K
described in Ref. 8. In Fig. ltop), we show the multiple spectrum in order to minimize the multiphonon contribution.
scattering contribution calculated for 12 K. The obtained frequency spectrif(w) is shown in the inset

In the energy range covered by the experiment, the neupf Fig. 1, evaluated using the procedure previously described
trons are scattered mainly by hydrogen atoms. To extract thgng correcting for background, multiple scattering, and mul-
vibrational density of states from the experimental data, W&jphonon contributions. In order to test this vibrational den-
have subtracted the contributions from the multiphonon ”euéity of states, we have computed two derived magnitudes, the

tron scattering to the measur_ed spectra. These Fontr'bUt'O'ﬁ?coherent total cross section and the mean-square displace-
were calculated in an isotropic harmonic approximation us

. ; ; : . _~ment of hydrogen atoms, and compared them with the avail-
ing an iterative technique, following the procedure descrlbeé{:bIe experimental data.

in Ref. 9. We must emphasize that in the present case, the .
L N S The comparison between the calculated values and the
analysis is based on two assumptioa). the vibrational . .
experimental neutron total-cross-section data from Ref. 15

spectrum of the system extends up to 170 meV, @dor o
energies below 20 meV, the dynamics are described by gxh|b|ts a very good overall agreement, as can be seen by the

Debye spectrum. As a result of the procedure, a refined valuglots depicted in Fig. @). In the process of obtaining the

of (u2) is obtained. Figure Itop) shows the recorded neu- calculated DOS, an estimation o) is derived from the
tron spectra for different temperatures. As seen from the plofnultiphonon contributions. The resulting mean-square dis-
the spectra do not present strong changes in the temperat@cement thus obtained at 295 K(is?)=0.022 A%, which
range covered by the experiment. There are no noticeablé close to the valuéd.025+0.002 A? previously reported?
frequency shifts, and the differences observed for the studieBY applying the described procedure to all the recorded spec-
temperatures can be ascribed to variations in the multra, we have derived the mean-square displacement as a func-
tiphonon contribution, Debye-Waller factor, and occupationtion of temperature displayed in Fig(2. We have also
number. included in this figure for comparison, tha?) values evalu-

The vibrational spectrum of Mgjpresents several differ- ated from the vibrational density of states shown in Fig. 1.
ences with the spectra observed in transition metals and rar&he agreement provides a complementary consistency check
earth hydrides, which display a strong H-related optic banaf the performed corrections.
separated by a large gap from a very small metal vibration We also evaluated the reduced form of the density-of-
band® and shares some of the features displayed by,AlH states frequency moments using the 12-K neutron-scattering

S(o) (arb. units)

'_(\1?)\-""" e

| (a)

Intensity (arb. units)

FIG. 1. Top: Neutron inelastic spectra of Mglfbr 12 K (solid
line), 150 K (dashed ling and 295 K(dotted ling, together with
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tronic scattering at the magnesium metallic phase, unavoid-
ably mixed with MgH. To highlight some subtle Raman

> features intrinsic to Mghl it has been substracted from the
£ data presented here.
= First-order Raman spectra provide the frequencies of
b,g zone-center phonons, together with symmetry information
important for the identification of bands in the vibrational
spectrum'® In addition, second-order processes are some-
E(eV) times observable that can be related to the phonon density of
0.023 [T T T T states. The phonon frequencies and symmetries in the metal
0.022 |- (b) - fluorides, which have the rutile structure and are thus iso-
& 0.021 [ ] morphous with MgH, have been originally studied by Porto
< : . et al3 There are four Raman-active modes with symmetries
SN 0020 ] Asg, Big, Bag, andEg. For all the studied fluorides, these
\7 0.019 |- . vibrations appear with increasing frequency in the sequence
0.018 L , P g ] Bi1g: Eg. A1g, @andB,y. TheB,q mode is the weakest, almost
0 100 200 300 unobservable in the spectra, while tg and A4 phonons
T (K) display the strongest scattering efficiency. We are not aware
164.6 [ 5T AL L of any such experiment or calculation for the case of MgH
164.4 | (©) with the exception of the paper of Yu and Lamvhere the
S 1642 [ \ ] phonon frequer_1cy of the totally symmet#g, optical mode
@ - _o-0-0-0-0 . is calculated with a frozen-phonon method.
E 1840 \ e ] In Fig. 1 (bottom), we present room-temperature and
3 1638 | CLo” . 77-K Raman spectra of MgHaken with the 488-nm line of
163.6 L ! L ! L the Ar" laser. The low-energy region obtained with the
2 0 2 4 6 8 514.5-nm laser line is also displayed. The three curves are

n shown to highlight different features of the spectiaThree

FIG. 2. (a) Comparison between the hydrogen total cross sectior{nain peaks are observed at 37'?' 117.8, and 158;2 meV. In
evaluated from the vibrational density of stategmbols and the  all cases, the 117.8-meV peak is the most prominent one.

experimental valuegline) (Ref. 15. (b) Comparison between The large background superimposed to the phonon spectra
mean-square displacement of the proton in magnesium hydridbampered the observation of the higher energy mode at room
evaluated from the vibrational density of staiéise) and values temperature(ii) Besides the larger modes, weaker broad
resulting from the analysis of the recorded spectra at each tempergands characteristic of second-order processes can be ob-
ture (symbols. (c) Reduced frequency moments for the frequencyserved in the energy regions 60—100 meV and 130-190
sp_ectrum corresponding to 12 (§ymbolg. The solid line is justa ey, And (iii ), several small peaks appear at low tempera-
guide to the eye. tures below 35 meV. These peaks are observed with both
laser lines, demonstrating their Raman origin. In addition,

N their small widths suggest first-order processes.
16
data.” These reduced moments, shown in Figc)2are a The assignment of the three main pedsint (i) abovd

measure of the validity of éDebye continuum description, can be done based on the theoretical calculations of Yu and

for which all should be equal to the Debye frequency. The ™~ 4 . .
calculated moments are in fact practically the same, thé_am and from a comparison with the Raman spectra of the

maximum difference between two of them being less thariSomorphus rutile structure fluoride Mgk In fact, the peak

0.5%. We note that the dependence of the moments agreesat 158.2 meV coincides almost exactly with the value calcu-
mode in Ref. 1(158 me\j. On the other

with the behavior previously observed in alkaline-earth!at€d for theA,g neyv). On i _
fluorides!” This result shows that integral magnitudes of thehand, theByg, E4, andA,4 symmetry vibrations in the iso-
frequency spectrum behave as if the density of states were0rphous compound MgFare, respectively, observed at
Debye spectrum with a Debye frequenayp~164 mevV, 11.4,36.6, and 50.8 meV. We can derive an estimation of the
supporting the Debye frequency spectrum assumed in Ref. gorresponding energies in MgHconsidering that they
to describe the vibrational properties of magnesium hydrideshould verify the same frequency ratios in both compounds.
within ab initio calculations. This amounts to assuming that the frequencies of these vi-
We turn now to the Raman spectra, which were recordedrations are simply proportional to some generalized force
in a backscattering configuration, using a Jobin Yvonconstants, and to the inverse of the mass square root. Under
T64000 equipped with a multichannel detection. The 488-nnthis assumption, th8,, andEg vibrations in MgH are ex-
and 514.5-nm lines of an Arlaser were used as the exciting pected to appear, respectively, at 35.5 and 113.6 meV, which
source. Typical resolutions were around 0.15 meV. Spectragree within 4% with the measured values.
were acquired at 77 and 300 K, focused at different spots on The spectral position of the three observed Raman-
the sample surface to check for homogeneity. Even for thallowed modes coincides with the boundaries of some of the
best studied samples, a background was superimposed to tlager structures in the vibrational density of states derived
Raman features. Such a background is probably due to elefrom the INS data, as expected for zone-center excitations.
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Thus, their assignment sets the symmetry of some of the In summary, we have presented INS results on magne-
phonon bands contributing to this spectrum. On the othesium hydride. The strong incoherent scattering by hydrogen
hand, the energy of the second-order smaller feafpeimt  atoms enabled us to extract the H vibrational density of
(i) abovg corresponds taw and 2» of one of the larger states and to compute several derived magnitudes. These re-
bands in the INS data, whictioes notcoincide with any  Sults reveal that the dynamics of the proton in Mgt&nnot
Raman peak. We conclude that the latter must be infrare@€ described in terms of localized vibrations within a single-
active in a first-order process, and thus become Raman actiRarticle potential, as it has already been applied to most
in second ordeftwo-phonon scatteringexplaining the ap- groups-Ill-ViI metal hydrldes.. Moreover, for computing in-
pearance of scattering aw2(130-190 meV.*® The weak LegraIDmggnltudes, the_(é?n_s?ng sta\1}e§”c]:an be a_lproxw?(ated
band atw, however, cannot be understood from symmetry®Y & b ebye ds.petclzqtraan D~ tme ih reebmam peaxs di
and kinematic grounds and, thus, is probably due to disordelﬁ:gz seere ;r:]dé sa;/rrm?;]estfye%;?nznn allt’j:)\\//(\?ede\?irg)gs{is(;%ge 0
H TH H H ” 1g: 19y g - .
mt_juced effects. Such eﬁegts as, €.g., |mp_ur|ty scgtten.ng, Several other smaller features appearing in the spectra are
might activate the otherwise Raman-forbidden vibrations

. i robably due to two-phonon and disorder-induced processes.
The presence of disorder cannot be excluded in these,Mg he Raman spectra show good agreement with the INS data,

samples: due to the preparation method, proton vacancies aig,s contributing to the identification of the strongest bands
highly probable because of partial filling of the hydrogeni, the derived phonon density of states of MgH
sites. The existence of clusters with empty hydrogen sites

(and, thus, reduced number of bophdsight also explain the We wish to thank J.R. Granada and J. Sofo for helpful
origin of the series of weak Raman peaks observed in thdiscussions, J.L. Capararo for the sample preparation, and P.
low-energy region. However, supercell or shell-model calcuPalleau for his assistance during the experiment at ILL. This
lations of structures with variable hydrogen content arework was partially supported by ANPCYTArgentina

needed to establish this point. through Grant No. PICT No. 03-00000-00680.
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