
N

A
A
a

b

c

d

e

a

A
R
R
A
A

K
M
I

1

a
a
h
p
s
d
m
r
l
s

f
u
m
i
T
p
u
o
i
b

0
d

Journal of Alloys and Compounds 509S (2011) S599– S603

Contents lists available at ScienceDirect

Journal  of  Alloys  and  Compounds

jou rn al h om epage: www.elsev ier .com/ locate / ja l l com

eutron  spectroscopy  of  magnesium  dihydride

.I.  Kolesnikova,∗, V.E.  Antonovb, V.S.  Efimchenkob, G.  Granrotha, S.N.  Klyamkinc,

.V.  Levchenkod,  M.K.  Sakharovb,  Y.  Rene

Neutron Scattering Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6473, USA
Institute of Solid State Physics RAS, 142432 Chernogolovka, Moscow District, Russia
Moscow State University, Vorob’evy gory, Moscow 119992, Russia
Institute of Problems of Chemical Physics RAS, 142432 Chernogolovka, Moscow District, Russia
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 August 2010

a  b  s  t  r  a  c  t

Inelastic  neutron  scattering  spectra  of  �-MgH2 powder  have  been  measured  at  T  =  7 K with  an  energy
resolution  better  than  1.5%  using  the  time-of-flight  direct  geometry  spectrometer  SEQUOIA.  Based  on
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these  spectra,  the  density  g(E)  of phonon  states  in �-MgH2 has been  experimentally  constructed  for
the  first  time.  Comparing  the  available  experimental  data  on the heat  capacity  of  �-MgH2 with  those
calculated  using  the  obtained  g(E)  confirmed  the  good  accuracy  of  its  determination.

Published by Elsevier B.V.
. Introduction

Due to the very large neutron scattering cross-section of H
toms, inelastic neutron scattering (INS) is one of the most direct
nd powerful means of studying the lattice dynamics of metal
ydrides. Under rather realistic simplifying assumptions, the one-
honon scattering contribution can be derived from the INS
pectrum of a powder sample and further converted to the phonon
ensity of states, g(E), where E is the phonon energy. The “experi-
ental” g(E) spectra thus obtained can directly be compared with

esults of computer calculations and are traditionally used to estab-
ish the main features of vibrational spectra of the studied hydrides,
uch as the peaks positions, cut-offs of the vibrational bands, etc.

The g(E) spectrum can also be used to calculate the contribution
rom lattice vibrations to the heat capacity CV(T) at constant vol-
me. For dielectric hydrides like those of Mg  and Al and many other
etals, this spectrum therefore fully determines the heat capac-

ty and, consequently, every standard thermodynamical potential.
he g(E) spectrum derived from INS measurements at low tem-
eratures allows, in principle, calculating the CV(T) dependence
p to very high temperatures, much exceeding the temperature

f thermal decomposition of the hydride at ambient pressure. This
s a definite advantage of applying the INS technique to hydrides
ecause the high-energy modes of H vibrations in hydrides make

∗ Corresponding author.
E-mail address: kolesnikovai@ornl.gov (A.I. Kolesnikov).

925-8388/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jallcom.2010.10.156
the standard Debye model inapplicable for the quantitative descrip-
tion and any extrapolations of their CV(T) dependences. Meanwhile,
the thermodynamical properties of hydrides above the decomposi-
tion temperature are usually most interesting for applications, e.g.,
for the hydrogen storage.

Constructing the CV(T) dependence based on g(E) requires accu-
rate and detailed INS data, and such a dependence was only recently
obtained for �-AlH3 in our work [1] using the INS results of Ref.
[2]. The heat capacity of �-AlH3 was  calculated at temperatures
30–1000 K with an accuracy of no worse than few per cent [1] and
further used to construct the line of the Al + (3/2)H2 = AlH3 equi-
librium at temperatures up to 900 K and hydrogen pressures up to
9 GPa [3] (a brief description of these results can also be found in
the review paper [4] in this issue).

It should be noted, however, that the good accuracy of the CV(T)
determination for �-AlH3 was partly achieved thanks to the spe-
cific shape of its g(E) spectrum divided into three well-separated
vibrational bands. To estimate the accuracy of the CV(T) determina-
tion that neutron spectroscopy can provide in the general case of a
dielectric hydride with broad bands of lattice and optical vibrations,
we have chosen �-MgH2 for the present investigation. A unique fea-
ture of �-MgH2, which decomposes to Mg  and H2 at ∼550 K under
ambient pressure, is that its heat capacity has earlier been deter-
mined up to a temperature as high as 2000 K [5] using the analogy

with a more thermally stable and thoroughly studied MgF2 com-
pound. A comparison with results of Ref. [5] gave a rare opportunity
to check the accuracy of calculation of the heat capacity of �-MgH2
using the INS data.

dx.doi.org/10.1016/j.jallcom.2010.10.156
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kolesnikovai@ornl.gov
dx.doi.org/10.1016/j.jallcom.2010.10.156
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Fig. 1. The dynamical structure factor S(Q,E) of the �-MgH2 powder sample (open
circles) as a function of the energy loss (E > 0) or gain (E < 0) of the inelastically scat-
tered neutrons measured at 7 K with the SEQUOIA spectrometer at ORNL, USA. The
strong peak at E = 0 is due to the elastic neutron scattering. The horizontal bars at the
bottom of the figure indicate the energy resolution. In the inset, the thick solid line
labelled “exp” shows the generalized phonon density of states, G(E), derived from
S(Q,E) with subtracted elastic peak; the dashed line “MPNS” represents the multi-

peaks numbered 1–5 in Fig. 1. These dependences are shown in
Fig. 2 and fitted with curves

I(Q ) = (a · Q 2 + b · Q 4) exp(−u2
HQ 2) (1)
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�-MgH2 with a tetragonal rutile-type structure, space group
42/mnm, is the most stable modification of magnesium dihydride
nder ambient conditions [6]. Lattice dynamics of powder sam-
les of �-MgH2 were earlier studied by INS with the beryllium
lter spectrometer IN1-BeF at ILL, France [7] and inverse-geometry
pectrometer TOSCA at ISIS, UK [8,9]. These studies revealed the
asic features of the �-MgH2 phonon spectrum, and the origin of
hese features was well established by ab initio calculations sup-
lemented the experiment in Ref. [8]. However, the experimental
esults of works [7–9] were insufficient to construct g(E) suitable for
alculating the heat capacity. The main obstacle was  that at energy
ransfers exceeding 100 meV, the one-phonon scattering intensity
ould not be reliably isolated from the intense multi-phonon con-
ribution caused by the large neutron momentum transfers Q. Large
eutron momentum transfers at high energy transfers are intrinsic
o spectrometers with small energy of the registered neutrons, like
N1-BeF and TOSCA.

In the present work, we studied �-MgH2 powder using a
irect-geometry neutron spectrometer SEQUOIA at ORNL, USA. The
btained INS spectra had much smaller contributions from the mul-
iphonon neutron scattering due to the ability of the spectrometer
o provide small momentum transfers at large energy transfers.
his allowed us to get a more accurate one-phonon INS spectrum
han previously and to construct the experimental phonon density
f states for �-MgH2 for the first time. With this g(E), we calculated
he dependence CV(T) of heat capacity of �-MgH2 at constant vol-
me  and further estimated the corrections converting the CV(T) to
P(T) at constant pressure at temperatures up to 2000 K by using
he literature data on the compressibility of �-MgH2 [6,10] and the
oefficient of thermal expansion determined from our own X-ray
iffraction measurements at 11–300 K.

. Experimental details

Powder of magnesium dihydride was purchased from Sigma–Aldrich. An X-ray
xamination showed the powder to consist of 98% �-MgH2 and 2% Mg  metal. A
ne  gram sample of this powder was measured at 7 K using the newly constructed
ne energy resolution spectrometer SEQUOIA at the Spallation Neutron Source (Oak
idge National Laboratory) [11]. SEQUOIA is a direct geometry time-of-flight spec-
rometer with variable energies of incident neutrons, from 10 to 2000 meV. To get
he  best energy resolution of �E/Ei = 1–1.5% at every studied energy transfer, we

easured the INS spectra with 5 different incident energies of Ei = 45, 115, 220,
50  and 750 meV  selected by the Fermi chopper that was rotating at 420 Hz for
i = 45 meV  and 600 Hz for other energies. The data were recorded over a wide range
f  scattering angles, from −30◦ to +60◦ in horizontal plane and ±18◦ in vertical
irections. Prior to further treatment, the collected neutron scattering data were
ransformed from the time-of-flight and instrument coordinates to the dynami-
al  structure factor S(Q,E). The background spectra for the empty container were
easured under the same conditions and subtracted from the original data.

To  determine the coefficient of thermal expansion of �-MgH2, X-ray diffraction
atterns of the �-MgH2 powder were collected at temperatures from 11 to 300 K
sing monochromated synchrotron radiation with a wavelength of � = 0.10798 Å at
eam line 11-ID-C at the Advanced Photon Source, ANL. The patterns were recorded
n a Perkin-Elmer 2D detector. Rietveld refinements were performed with the GSAS
nd EXPGUI [12].

. Results and discussion

.1. Inelastic neutron scattering

Fig. 1 shows the S(Q,E) spectrum of �-MgH2 merged from the
pectra measured with the five different energies of the incoming
eutrons. The spectrum mostly agrees with results of Refs. [8,9].
ccording to the ab initio calculations in Ref. [8],  the phonon den-
ity of states of �-MgH2 is composed of the ranges of lattice modes
t E < 40 meV  and optical vibrations at 40 < E < 190 meV. The con-

ributions from the Mg  atoms to the INS spectrum are small for
ll vibrations, because the neutron scattering cross-section of H is
bout 20 times larger than that of Mg  [13]. Furthermore, in the case
f optical vibrations, the scattering intensity is inversely propor-
phonon contribution to G(E) calculated in an isotropic harmonic approximation, and
the thin solid line “1ph” is the one-phonon G(E)1ph spectrum of �-MgH2 obtained
from G(E) by subtracting the MPNS contribution.

tional to the mass of the atom, which is 24 times smaller for H than
for Mg.  The INS spectrum in Fig. 1 thus well represents vibrations
of the H atoms in �-MgH2.

As seen from Fig. 1, the spectrum of optical H vibrations con-
sists of a band between 40 and 105 meV  (two pronounced peaks
at 72 and 79 meV, and a shoulder at ≈94 meV) and another band
between 105 and 190 meV (a peak at 125 meV  with a shoulder at
134 meV, and two  peaks at 150 meV  and 176 meV). According to
the calculations in Ref. [8],  the scattering intensity at higher energy
transfers, including the peak at 250 meV, could only have resulted
from multiphonon neutron scattering. To prove this, we  analyzed
the momentum transfer dependences of the integral intensities of
Fig. 2. The integral intensities of peaks 1–5 in Fig. 1 plotted as a function of neutron
momentum transfer. The experimental data (symbols) are fitted using Eq. (1). The
solid  and dashed lines represent, respectively, the one-phonon and two-phonon
scattering contributions to the fits (see text).
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Fig. 4. The heat capacity of �-MgH2 as a function of temperature. The open left-
triangles depict the experimental CP(T) dependence measured at temperatures from
15 to 360 K in Ref. [15]. The open circles show results of Ref. [5],  in which the CP(T)
values at T ≤ 300 K were taken from the unpublished experimental work [18], and
those at higher temperatures were estimated by comparison with the experimental
CP(T) data for MgF2. The dashed curve represents the CV(T) dependence for �-MgH2

calculated by using Eq. (3) and the g(E) spectrum constructed in this work. The solid
ig. 3. The densities g(E) of phonon states of �-MgH2 obtained from the INS data of
he  present paper (solid curve) and calculated in Ref. [8] (dashed curve).

here a, b and u2
H are the fitting parameters. The a·Q2 and b·Q4 fac-

ors characterize, respectively, the one- and two-phonon scattering
ontributions with the same value u2

H of the mean squared dis-
lacement of hydrogen atoms. As seen from Fig. 2, peaks 1, 2 and 3
an approximately be described by one-phonon neutron scattering
lone. Peak 4 originates from both one- and two-phonon scat-
ering. These contributions to its calculated total intensity (thick
ash-dotted curve) are shown by the thin solid and dashed curves

abelled “4-1ph” and “4-2ph”, respectively. Peak 5 can be fully
ttributed to the two-phonon scattering, all in accord with [8].

Having omitted the elastic peak centred at E = 0 from the exper-
mental S(Q,E) spectrum shown in Fig. 1, and approximating the
ow energy acoustical part of phonon spectrum (E < 5 meV) by the
ebye dependence g(E) ∼ E2, and assuming that the one-phonon
art of the resulting spectrum of inelastic neutron scattering is

ocated in the energy range 0–190 meV, we calculated the contribu-
ion from multiphonon neutron scattering (MPNS) in an isotropic
nd harmonic approximation using an iterative technique [14].
hese inelastic S(Q,E) spectrum and calculated MPNS spectrum
ere transformed to the nearly spectrometer-independent, gen-

ralized vibrational densities of states according to:

(E) = S(Q, E)E · exp(u2
HQ 2)

Q 2[n(E, T) + 1]
(2)

here n(E, T) = [exp(E/kBT) − 1]−1 was the population Bose factor
nd T = 7 K was  the temperature of the INS measurement. The value

f u2
H = 0.019 Å

2
was taken from fitting the Q-dependences of

he integral intensities of peaks 1–3 using Eq. (1).  Subtracting the
ulti-phonon G(E) spectrum from the experimental one gave a

ne-phonon G(E)1ph spectrum. All three G(E) spectra are shown in
he inset of Fig. 1.

The G(E)1ph spectrum thus obtained was further transformed to
he phonon density of states, g(E), by renormalization of the inte-
rated area under the G(E)1ph curve to 3 and 6 degrees of freedom
or the lattice (E = 0–40 meV) and optical (E = 40–190 meV) modes,
espectively. As seen from Fig. 3, the g(E) spectrum of �-MgH2 con-
tructed in this way agrees with the ab initio calculations of Ref.
8].

.2. Heat capacity

The heat capacity of �-MgH2 at constant volume was  calculated

s:

V (V0, T) = R

∫ (
E

kBT

)2

g(E)n(E, T)[n(E, T) + 1] dE (3)
curve shows CP(T) = CV(T) + �CPV(T) + �CPP(T), where �CPV(T) is the adjustment for
the difference between CP(T) and CV(T) at constant volume and �CPP(T) takes into
account changes in CP(T) due to the volume expansion (see text).

where V0 = V(7 K) ≈ V(0 K) is the molar volume of �-MgH2 at a tem-
perature of 7 K of the INS measurement; R = 8.314 J mol−1 K−1 is
the universal gas constant and kB = 1.381 × 10−23 J K−1 is the Boltz-
mann constant. With the g(E) spectrum normalized to 9 states in

total, this equation gives CV (T)
T→∞−→ 9R = 3R × 3 per gram-mole of �-

MgH2 in accordance with the Dulong and Petit law. The calculated
CV(V0,T) dependence is shown in Fig. 4 (dashed curve) together with
the experimental CP(T) data available in the literature [5,15] (open
symbols).

The calculated CV(V0,T) dependence was  further converted to
the CP(V0,T) dependence at constant pressure using the equation
[16]:

�CPV (T) = CP − CV = ˛2TV

ˇ
(4)

where V(T) is the molar volume of �-MgH2;  ̨ = (1/V)(∂V/∂T)P is
the coefficient of volume expansion and ˇ = –(1/V)(∂V/∂P)T is the
isothermal compressibility. The CP(V0,T) dependence calculated
using Eq. (4) was also corrected for the effect of thermal expansion,
�CPP(T).

The CP(V,T) dependence thus produced is shown in Fig. 4 by the
solid line. In a wide temperature interval from 100 to 2000 K, it well
agrees with the CP(T) dependence from Ref. [5] shown by open cir-
cles and obtained by rescaling the experimental results for MgF2.
In contrast, the CP(T) dependence measured in Ref. [15] notice-
ably departures both from ours and from that constructed in Ref.
[5]. As one can see from Fig. 4, its deviation from our dependence
exceeds −15% at 100 K and +5% at 360 K and should further increase
if smoothly extrapolated to higher temperatures. Most likely, this
is a result of a certain systematic error in the measurements of Ref.
[15].

Below one can see details of the CV to CP conversion carried out
in our work. The procedure was very similar to that used in Ref. [1].

Eq. (4) requires knowledge of the V(T) or ˛(T) dependence for

�-MgH2. We could not find such dependences in the literature and
derived these from an X-ray diffraction investigation of �-MgH2
powder at temperatures 11–300 K. The obtained V(T) dependence
is shown in Fig. 5 by open circles (to save space, we did not show the
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quare) [6] and calculated (open squares) [10] values of compressibility of �-MgH2

nd results of fitting and extrapolating these data using power functions (dashed
nd solid curves).

emperature dependences of parameters of the tetragonal unit cell
-MgH2, which varied from a = 4.51292(4) Å and c = 3.01775(5) Å
t 11 K to a = 4.51907(4) Å and c = 3.02188(5) Å at 300 K, the ratio of
/a ≈ 0.6687 remaining virtually unchanged). To extrapolate V(T)
utside the experimental temperature interval 11–300 K, we made
se of the semi-empirical Grüneisen law saying that the coeffi-
ient of thermal expansion is approximately proportional to the
eat capacity,

(T) = BCV(T)

see, e.g., [16] for discussion). Correspondingly, we fitted the exper-
mental dependence with an equation

(T) = V(0) exp

[
B

∫ T

0

CV (�)d�

]
(5)

y varying the B parameter. The resulting fit is shown in Fig. 5 by
he solid curve. The optimum B = 7.40 × 10−7 mol/J gave us both V(T)
nd ˛(T) dependences.

To get the ˇ(T) dependence, which was also necessary for Eq. (4),
e exploited one other Grüneisen’s semi-empirical relation to say

hat (1/ˇ)(∂ˇ/∂T)P ≈ 8.4  ̨ (see [17] for discussion and references).
s seen from the inset to Fig. 5, the resulting equation

(T) = ˇ(0)
[

V(T)
V(0)

]8.4

(6)

atisfactorily described the theoretical ˇ(T) dependence for �-
gH2 [10] shown by open squares (it could be noticed though

hat the function with a superscript equal to 10 would fit it bet-
er). The required ˇ(T) dependence (solid curve in the inset to Fig. 5)
as obtained by drawing dependence (6) through the experimental
oint at room temperature [6] shown by the solid square.

The �CPV(T) dependence calculated using Eq. (4) is shown in
he inset to Fig. 4. It should however be taken into account that the
V(T) dependence calculated via Eq. (3) in the present work refers to
he molar volume V0 of �-MgH2 at T = 7 K because the phonon den-
ity of states was determined at this temperature. The dependence
P(V0,T) = CV(V0,T) + �CPV(T) should therefore be corrected for the
hermal expansion of the �-MgH2 compound. As shown in Ref. [1],

his correction can be written in the form:

CPP(T) ≈ T(1 − V0/V)
ˇ

(
∂2V

∂T2

)
P

(7)
Compounds 509S (2011) S599– S603

The �CPP(T) dependence calculated using this equation and
the already available V(T) and ˇ(T) dependences is presented in
the inset to Fig. 4. As one can see, �CPP(T) is much smaller than
�CPV(T), but taken together these two  corrections give the CP(V,T)
dependence that neatly fits the experimental results at high tem-
peratures.

4. Conclusion

Based on the inelastic neutron scattering spectra measured at
7 K with an energy resolution better than 1.5%, the density g(E)
of phonon states in �-MgH2 has been experimentally constructed
for the first time. The g(E) spectrum thus obtained was  further
used to calculate the temperature dependence of the heat capac-
ity of �-MgH2 and to compare it with the dependence accurately
determined earlier [5] at temperatures from 300 to 2000 K. The dif-
ference between the two  dependences proved to be less than 2.5%
throughout this temperature interval. The investigation of �-MgH2
thus demonstrated that studies on powder samples of dielectric
hydrides using the existing neutron spectrometers can give the
phonon densities of states accurate enough for calculating the heat
capacity (and therefore every standard thermodynamical poten-
tial) in a wide temperature interval including temperatures much
exceeding the upper limit of thermal stability of the hydride at
ambient pressure.
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