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a b s t r a c t   

Due to the small mass and anomalously large neutron scattering cross-section of proton (about 80 barns 
compared to a few barns for other nuclei), inelastic neutron scattering is considered as one of the most 
effective tools in studying optical vibrations of hydrogen atoms in metal hydrides. The current review is 
focused on the binary hydrides of 3d- and 4d-metals of groups VI–VIII, which were produced at high hy-
drogen pressures of several gigapascals in relatively large quantities of hundreds of mg, quenched to low 
temperature and studied by INS ex situ at ambient pressure with high statistical accuracy. One of the 
unusual effects revealed by INS is a strong increase in the strength of the metal-hydrogen interactions with 
decreasing atomic number of the d-metal accompanied by an increase in the Me-H distance. Based on the 
available experimental results, the spectra g(E) of the phonon density of states and temperature de-
pendencies CV(T) of the heat capacity at constant volume at T up to 1000 K have been derived in this paper 
and presented both in the figures and in digital form. This provides the reference data for the theoretical 
investigations of the crystal structures and compositions of new practically important hydrides giving the 
opportunity to validate calculation methods by comparing the calculated g(E) and CV(T) with the accurate 
experimental dependencies for the binary hydrides. Recent INS studies showed [R.A. Klein et al., J. Alloy. 
Compd. 894 (2022) 162381] that the fingerprints of anomalously short H-H separations of 1.6 Å violating 
the “2 Å rule” can be easily and unambiguously identified in the complex INS spectra of quaternary hydrides 
(La,Ce)NiInH1+x. This makes neutron spectroscopy an attractive means for obtaining valuable data in the 
search for novel hydrides with a record high hydrogen capacity. 

© 2022 The Authors. Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Inelastic neutron scattering (INS) is a powerful method in the 
study of atomic dynamics in metal hydrides owing to the extra-
ordinarily large scattering cross-section of hydrogen. The neutron 
scattering intensity is also inversely proportional to the mass of the 
vibrating atom, which gives additional benefits to distinguish 

contributions from hydrogen with respect to any metal. Therefore, 
the INS spectra of metal hydrides well represent vibrations of the H 
atoms. 

Furthermore, the INS intensity is roughly proportional to (Q·e)2n, 
where Q is the momentum transfer and e is the polarisation vector of 
the n hydrogen vibrations created by the scattered neutron. In 
contrast to the inelastic light scattering, in the INS method there are 
no selection rules, and all modes of H vibrations are equally active. 
This simplifies the interpretation of the INS spectra and makes it 
possible to reliably derive the one-phonon scattering contribution 
from the spectra of powder samples and further convert it to the 
phonon density of states, g(E), where E is the phonon energy. The 
“experimental” g(E) spectra obtained in such a way can be directly 
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Table 1 
Crystal structures and vibrational properties of some metal hydrides. The hydrides are listed in ascending order of the atomic number of the metal, that is, from left to right along 
the rows of the periodic table. “O” and “T” indicate H atoms occupying octahedral and tetrahedral interstices, respectively. FM = ferromagnetic; AFM = antiferromagnetic; SC 
= superconductor.          

Phase Metal lattice Hydrogen 
coordination 

Me-H distance, Å Magnetic order/ 
superconductivity 

Structure ref. Fundamental INS 
features, meV 

INS ref.  

LiH fcc 
a = 4.072 Å 
(T = 300 K) 

O 2.04 no [1] 98, 130 [2] 

NaH fcc 
a = 4.881 Å 
(T = 300 K) 

O 2.44 no [3] 77, 109 [2] 

α-MgH2 tI2 (P42/mnm) 
a = 4.501 Å 
c = 3.010 Å 
(T = 300 K) 

Trigonal planar 1.95 no [4] Complex bands at 40–105 
and 105–190 (see Fig. 1) 

[5] 

α-AlH3 distorted primitive 

simple cubic R c( 3̄ )
a = 4.449 Å 
c = 11.804 Å 
(T = 300 K) 

Linear bent 1.72 no [6] Complex bands at 60–135 
and 175–265 

[7] 

KH fcc 
a = 5.71 Å 
(T = 300 K) 

O 2.86 no [8] Complex band at 58–101 [9] 

CaH2 distorted hcp (Pnma) 
a = 5.948 Å 
b = 3.593 Å 
c = 6. 801 Å 
(T = 298 K) 

O+T 2.39 (O) 
2.26 (T) 

no [10] Complex band at 70–145 [10] 

ScH2.9 hcp 
a = 3.373 Å 
c = 6.121 Å 
(T = 95 K) 

T + trigonal planar 2.07 (T) 
1.96 (trigonal 
planar) 

no [11] Complex band at 40–190 [11] 

χ-TiH0.71 distorted fcc 
(Fmmm) 
a = 4.34 Å 
b = 4.18 Å 
c = 4.02 Å 
(T = 80 K) 

O 2.01 SC [12] 75 
(the lowest optical peak in 
the INS spectrum) 

[13] 

γ-TiH distorted fcc (Cccm) 
a = 4.168 Å 
b = 4.234 Å 
c = 4.577 Å 
(T = 300 K) 

T 1.88 no [12] 153, 167 [14] 

ε-TiH2 distorted fcc 
(I4/mmm) 
a = 3.20 Å 
c = 4.27 Å 
(T = 80 K) 

T 1.92 no [15] Bimodal peak at 139, 153 [16] 

V2H distorted bcc (C2/m) 
a = 4.457 Å 
b = 3.002 Å 
c = 4.476 Å 
β = 95.6° 
(T = 300 K) 

O 1.77 no [17] 50, 223 [18] 

VH1.92 fcc 
a = 4.27 Å 
(T = 300 K) 

T 1.85 no [19] 165 [20] 

γ-CrH fcc 
a = 3.854 Å 
(T = 8 K) 

O 1.93 no [21] 118 
(see Fig. 6a) 

[21] 

ε-CrH hcp 
a = 2.719 Å 
c = 4.433 Å 
(T = 8 K) 

O 1.92 no [21] 122 
(see Fig. 6a) 

[21] 

ε-MnH0.86 hcp 
a = 2.692 Å 
c = 4.355 Å 
(T = 120 K) 

O 1.90 AFM [22] 112 
(see Fig. 6a) 

[23] 

γ-MnH0.41 fcc 
a = 3.776 Å 
(T = 300 K) 

O 1.89 AFM [24] 111 
(see Fig. 6a) 

[25] 

α-MnH0.073 cI58 I m( 4̄3 )
a = 8.940 Å 
(T = 300 K) 

O 1.83 AFM [26] 6, 73, 106, 131 [27] 

(continued on next page) 
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Table 1 (continued)         

Phase Metal lattice Hydrogen 
coordination 

Me-H distance, Å Magnetic order/ 
superconductivity 

Structure ref. Fundamental INS 
features, meV 

INS ref.  

ε΄-FeH dhcp 
a = 2.679 Å 
c = 8.77 Å 
(T = 90 K) 

O 1.90 FM [28] 103 
(see Fig. 6a) 

[29] 

γ-CoH fcc 
a = 3.712 Å 
(T = 95 K) 

O 1.86 FM [30] 102 
(see Fig. 6a) 

[30] 

γ-NiH fcc 
a = 3.740 Å 
(T = 120 K) 

O 1.87 no [31] 89 (see Fig. 6a) [32] 

RbH fcc 
a = 6.05 Å 
(T = 300 K) 

O 3.02 no [8] Complex band at 55–95 [9] 

SrH2 distorted hcp (Pnma) 
a = 6.371 Å 
b = 3.872 Å 
c = 7.302 Å 
(T = 300 K) 

O+T 2.58 (O) 
2.43 (T) 

no [33] Complex band at 66–136 [34] 

YH2 fcc 
a = 5.205 Å 
(T = 300 K) 

T 2.25 no [35] Bimodal peak at 117, 127 [36] 

YH3 distorted hcp P c( 3̄ 1)
a = 6.358 Å 
c = 6.607 Å 
(T = 95 K) 

T + trigonal planar 2.27 (T) 
2.14 (trigonal 
planar) 

no [37] Complex band at 40–180 [37] 

γ-ZrH distorted fcc (P42/ 
ncm) 
a = 4.583 Å 
c = 4.945 Å 
(T = 300 K) 

T 2.04 no [38] 145 [39] 

ε-ZrH2 distorted fcc 
(I4/mmm) 
a = 3.518 Å 
c = 4.455 Å 
(T = 300 K) 

T 2.08 no [40] Bimodal peak at 137, 143 [41] 

NbH0.82 distorted bcc (Cccm) 
a = 4.83 Å 
b = 3.44 Å 
c = 4.89 Å 
(T = 300 K) 

T 1.92 no [42] 119, 167 [43,44] 

NbH2 fcc 
a = 4.53 Å 
(T = 300 K) 

T 1.96 no [45] 148 [20] 

ε-MoH1.1 hcp 
a = 2.931 Å 
c = 4.745 Å 
(T = 100 K) 

O+T 2.07 (O) 
1.75 (T) 

SC [31] 114(O) 
(see Fig. 6b) 

[46] 

γ-RhH fcc 
a = 4.010 Å 
(T = 120 K) 

O 2.01 no [31] 73 
(see Fig. 6b) 

[47] 

γ-PdH0.63 fcc 
a = 4.022 Å 
(T = 85 K) 

O 2.01 no [48], this 
paper 

57.5 This paper 

γ-PdH fcc 
a = 4.090 Å 
(T = 77 K) 

O 2.05 SC [48,49] 56 
(see Fig. 6b) 

[50,51] 

CsH fcc 
a = 6.39 Å 
(T = 300 K) 

O 3.19 no [8] Complex band at 52–91 [9] 

BaH2 distorted hcp (Pnma) 
a = 6. 803 Å 
b = 4.170 Å 
c = 7.860 Å 
(T = 300 K) 

O+T 2.83 (O) 
2.57 (T) 

no [52] Complex band at 62–125 [34] 

LaH1.94 fcc 
a = 5.652 Å 
(T = 300 K) 

T 2.45 no [53] 103 [54] 

LaH3 fcc 
a = 5.622 Å 
(T = 300 K) 

O+T 2.81 (O) 
2.43 (T) 

no [55] 60 (O), 120 (T) [56] 

CeH2 fcc 
a = 5.581 Å 
(T = 300 K) 

T 2.42 AFM [57] Bimodal peak at 102, 113 [58] 

(continued on next page) 
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compared with the results of the computer calculations and are 
traditionally used to establish the main features of the vibrational 
spectra of the studied hydrides, such as the peak positions and cut- 
offs of the vibrational bands. 

The available experimental data on the chemical composition, 
structure of the metal lattice and peak positions in the energy-loss 
INS spectrum for the binary hydrides, which have already been 
studied by inelastic neutron scattering, are summarized in Table 1. 
The compositions of the hydrides considered in the present paper 
are printed in bold. 

The g(E) spectrum derived from the INS data can also be used to 
calculate the contribution from lattice vibrations to the heat capacity 
CV(T) at constant volume and, consequently, to every 

thermodynamic potential value of the hydride. INS measurements 
are usually carried out at low temperatures. This reduces the effect 
of the Debye-Waller factor, exp( uH

2Q2), where uH
2 is a mean-squared 

displacement of the hydrogen atom, and also reduces the con-
tribution from multiphonon neutron scattering, which rapidly grows 
up with increasing momentum and, correspondingly, energy trans-
fers of the scattered neutrons, and significantly distorts the intensity 
distribution in the bands of optical vibrations, which is difficult to 
quantify accurately. Nevertheless, the g(E) spectrum derived from 
INS measurements at low temperatures allows calculating the CV(T) 
dependence up to the very high temperatures, much exceeding the 
temperature of thermal decomposition of the hydride at ambient 
pressure. This is a definite advantage of applying the INS technique 

Table 1 (continued)         

Phase Metal lattice Hydrogen 
coordination 

Me-H distance, Å Magnetic order/ 
superconductivity 

Structure ref. Fundamental INS 
features, meV 

INS ref.  

CeH2.72 fcc 
a = 5.549 Å 
(T = 300 K) 

T + O 2.40 (T) 
2.77 (O) 

FM [59] 65 (O), 110 (T) [60] 

PrH1.94 fcc 
a = 5.518 Å 
(T = 298 K) 

T 2.39 AFM [61] 108 [20] 

PrH2.8 fcc 
a = 5.46 Å 
(T = 300 K) 

T + O 2.36 (T) 
2.73 (O) 

no [62] 64 (O), 85 (O), 130 (T) [62] 

NdH2.62 fcc 
a = 5.43 Å 
(T = 300 K) 

T + O 2.35 (T) 
2.72 (O) 

AFM [62] 75 (O), 100 (O), 137 (T) [62] 

HoH1.98 fcc 
a = 5.165 Å 
(T = 295 K) 

T 2.24 AFM [61] 126 [20] 

ErH2 fcc 
a = 5.129 Å 
(T = 298 K) 

T 2.22 AFM [61] 128 [20] 

DyH2.15 fcc 
a = 5.193 Å 
(T = 90 K) 

T + O 2.25(T) 
2.60 (O) 

AFM [61] 82 (O); broad bands at 117, 
149 (T) 

[62] 

TbH2.25 fcc 
a = 5.231 Å 
(T = 90 K) 

T + O 2.27 (T) 
2.62 (O) 

AFM [61] Bimodal peak at 77, 84 (O); 
broad bands at 111, 146 (T) 

[63] 

YbH2 distorted hcp (Pnma) 
a = 5.900 Å 
b = 3.576 Å 
c = 6.776 Å 
(T = 300 K) 

O+T 2.23 (T) 
2.38 (O) 

no [64] Complex band at 70–150 [65] 

TaH0.89 distorted bcc P( 4̄)
a = 4.816 Å 
c = 24.17 Å 
(T = 100 K) 

T 1.91 no [66] 129, 168 [66] 

TaH2.2 hcp 
a = 3.223 Å 
c = 5.143 Å 
(T = 100 K) 

O+T 1.97 (O) 
1.96 (T) 

no [67] 80 (O), 166 (O), 
134 (T), 178 (T) 

[67] 

ReH0.09 hcp 
a = 2.769 Å 
c = 4.456 Å 
(T = 90 K) 

O 1.95 no [68] 100, 130 [68] 

ThH2 distorted fcc 
(I4/mmm) 
a = 4.10 Å 
c = 5.03 Å 
(T = 300 K) 

T 2.41 no [40] 125 [69] 

Th4H15 distorted bcc I d( 4̄3 )
a = 9.11 Å 
(T = 92 K) 

T, trigonal planar 2.46 (T) 
2.27 (trigonal 
planar) 

SC [70] 50–200 [69] 

UH3 A15 
a = 6.643 Å 
(T = 10 K) 

T 2.26 FM [71] 80–155 [72] 

NpH2.65 distorted fcc (I4/ 
mmm) 
a = 5.334 Å 
c = 10.64 Å 
(T = 90 K) 

T + O 2.31 (T) 
2.67 (O) 

no [73] 50–160 [73]    
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to hydrides because the high-energy modes of H vibrations in hy-
drides make the standard Debye model inapplicable for the quan-
titative description and any extrapolations of their CV(T) 
dependences. Meanwhile, the thermodynamic properties of hy-
drides above the decomposition temperature are usually most in-
teresting for constructing the T-P phase diagrams, which is 
important for the hydrogen storage applications (an overview of the 
production, storage, distribution and end-use of renewable energy 
can be found in Ref. [74]). 

INS investigations of a large variety of hydrides revealed many 
interesting and frequently unexpected phenomena (see, e.g., review 
papers [75–77] and references therein). At the same time, the INS 
spectra which are accurate enough to construct detailed spectra of 
phonon density of states for both acoustic and optical vibrations, 
have only been obtained for the densest modifications of α-AlH3 and 
α-AlD3 [7] and for the conventional α-modification of MgH2 [5]. In 
the case of α-AlH3 and α-AlD3, the CV(T) dependences based on these 
g(E) spectra well agreed with the experimental data at temperatures 
up to 320–350 K [78]. Applying the corrections converting the heat 
capacity CV at constant volume to the heat capacity CP at constant 
pressure, which became significant at temperatures above 400 K, the 
CP(T) dependencies for α-AlH3 and α-AlD3 were continued to 
T = 1000 K [78] and the dependence for α-AlH3 was further used to 
calculate the equilibrium line of the Al + (3/2)H2 = AlH3 reaction at 
pressures up to 9 GPa and temperatures up to 870 K [6,79]. Here 
again, the calculations turned out to be in good agreement with the 
experiments. 

A unique feature of α-MgH2, which in vacuum decomposes to Mg 
and H2 at ~550 K, is that its heat capacity has earlier been de-
termined up to a temperature as high as 2000 K [80] using the 
analogy with a more thermally stable and thoroughly studied MgF2 

compound. A comparison with the results of Ref. [80] gave a rare 
opportunity to check the accuracy of calculations of the heat capa-
city of α-MgH2 based on the INS data. The agreement between the CP 

(T) dependences from Refs. [5,80] was perfect and the difference 
between them proved to be less than 2.5% throughout the whole 
studied temperature interval up to 2000 K. 

Thus, using neutron spectroscopy for the investigation of metal 
hydrides, one can obtain reliable spectra g(E) of their phonon density 
of states. However, this requires rather large and homogeneous 
samples thermally stable at room temperature, like those of alu-
minum trihydride and magnesium dihydride, which can be prepared 
in any desirable quantity. The present review mostly deals with the 
samples of high-pressure hydrides synthesized at ISSP RAS at hy-
drogen pressures of up to 9 GPa and elevated temperatures in 
Toroid-type high-pressure chambers [81] using AlH3 or NH3BH3 as 
an internal hydrogen source [82]. A pure hydrogen gas is obtained in 
situ by thermal decomposition of these precursors in the high- 
pressure chamber; the hydrogenated sample is rapidly cooled 
(quenched) to the liquid N2 temperature together with the chamber; 
recovered from the chamber after the pressure was lowered to at-
mospheric pressure and further stored in liquid N2 to prevent hy-
drogen loss. The samples to be measured by INS were usually 
prepared in a series of high-pressure synthesis runs performed 
under identical conditions; these samples contained from several 
hundred milligrams up to several grams of the material in max-
imum. In addition, most of the samples rapidly decomposed to the 
metal and H2 gas at ambient conditions and should be mounted onto 
the sample holder in liquid nitrogen, and the sample and its holder 
often appeared to be covered with a noticeable amount of con-
densed ice deposited from the air while loading the sample into the 
helium cryostat of the neutron spectrometer. 

To collect the INS spectra with a good statistical accuracy, almost 
all hydrides considered in this paper were measured with the high- 
luminosity IN1-BeF inverted geometry spectrometer installed at the 
hot source of the high-flux reactor at the Institute Laue-Langevin in 

Grenoble, France. This spectrometer combined the highest lumin-
osity among the spectrometers operating in a wide energy-transfer 
range (25–450 meV) with a rather good resolution (6–8%). Most 
samples were ground in an agate mortar under liquid nitrogen to 
reduce the texture. A background from the cryostat without the 
sample, but with the sample holder and ice condensed on it while 
loading, was measured separately under the same conditions and 
subtracted from the experimental INS spectrum. 

Regretfully, the IN1-BeF spectrometer could only be used for 
studying the high-energy optical part of the vibrational spectra of 
the hydrides. The reason was that the spectrometer worked with a 
monochromated beam of incoming neutrons, and the beam was 
slightly contaminated with neutrons of half the selected wavelength, 
and one-, two- and three-phonon scattering of the λ/2 neutrons gave 
spurious intensity at energies below the optical band. Consequently, 
the low-energy “lattice” part of the spectra of the studied hydrides 
was either measured with another neutron spectrometer or calcu-
lated using the Born-von-Kármán fit or Density Functional Theory 
(DFT) implemented as described in Ref. [67]. 

In the present paper, using the most accurate and reliable results 
for α-MgH2 as an example, we will first discuss the chain of calcu-
lations and auxiliary experiments necessary to proceed from the raw 
INS experimental spectrum to the phonon density of states g(E) and 
further to the CV(T) and CP(T) dependences. After that, we will con-
sider the regularity observed in varying the energy position of the 
optical band along the rows of the periodic table for the hydrides of 
the 3d- and 4d-raw metals with H atoms occupying octahedral in-
terstitial sites in the close-packed metal lattice. Then for each of the 
studied hydrides we will demonstrate harmonicity/anharmonicity of 
hydrogen vibrations in the second and, where possible, in the third 
optical bands followed from the multiphonon neutron scattering; 
show the phonon density of states g(E) with the optical part derived 
from the INS experiment, and show the dependence CV(T) of the heat 
capacity at constant volume calculated at temperatures up to 1000 K. 
The obtained g(E) and CV(T) dependences will also be presented in a 
digital form in Supplementary information. The last topic to be 
discussed will be the strong anisotropy and anharmonicity of the 
second optical band in PdH and NiH in the <  001  >  directions and a 
possible contribution of the anharmonicity to the inverse isotope 
effect when considering superconductivity of PdH and MoH1.1. 

2. The INS spectrum of α-MgH2 and the resulting g(E) and CP(T) 
dependences [5] 

A one-gram sample of α-MgH2 powder (Sigma-Aldrich) was 
studied at T = 7 K in Ref. [5] with the fine energy resolution direct 
geometry time-of-flight neutron spectrometer SEQUOIA at the 
Spallation Neutron Source, Oak Ridge National Laboratory, USA. The 
collected neutron scattering data were first transformed from the 
time-of-flight and instrument coordinates to the dynamical struc-
ture factor S(Q,E) shown in Fig. 1. According to the ab initio calcu-
lations of Ref. [83], the phonon density of states of α-MgH2 is 
composed of the ranges of lattice modes at E  <  40 meV and optical 
vibrations at 40  <  E  <  190 meV. Having omitted the elastic peak 
centered at E = 0 from the experimental S(Q,E) spectrum and ap-
proximating the low energy acoustic part of phonon spectrum 
(E  <  5 meV) by the Debye dependence g(E) ∝ E2, while assuming that 
the one-phonon part of the resulting spectrum of inelastic neutron 
scattering is located in the energy range 0–190 meV [83], the con-
tribution from multiphonon neutron scattering (MPNS) was calcu-
lated in an isotropic and harmonic approximation using an iterative 
model-independent technique [84]. 

These inelastic S(Q,E) spectrum and calculated MPNS spectrum 
were transformed to the almost spectrometer-independent, gen-
eralized vibrational densities of states according to: 
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=
+

G E
S Q E E u Q

Q n E T
( )

( , ) exp( )
[ ( , ) 1]

,H
2 2

2 (1) 

where =n E T E k T( , ) [exp( / ) 1]B
1 was the population Bose factor 

and T = 7 K was the temperature of the sample during the INS 
measurement. The value of uH

2 = 0.019 Å2 was obtained as a fitting 
parameter while calculating the MPNS spectrum. Subtracting the 
multi-phonon G(E) spectrum from the experimental one gave a one- 
phonon G1 ph(E) spectrum. All three G(E) spectra are shown in the 
inset of Fig. 1. 

The G1 ph(E) spectrum thus obtained was further transformed to 
the phonon density of states, g(E), by renormalization of the in-
tegrated area under the G(E)1 ph curve to 3 and 3 × 2 = 6 degrees of 
freedom for the lattice (E = 0–40 meV) and optical (E = 40–190 meV) 
modes, respectively. As seen from Fig. 2, the g(E) spectrum of α- 
MgH2 constructed in this way agrees with the ab initio calculations 
of Ref. [83]. 

The heat capacity of α-MgH2 at constant volume was calcu-
lated as: 

= +C V T R
E

k T
g E n E T n E T E( , ) ( ) ( , )[ ( , ) 1] d ,V 0

B

2

(2) 

where V0 = V (7 K) ≈ V(0 K) is the molar volume of α-MgH2 at a 
temperature of 7 K of the INS measurement; R = 8.314 J·mol−1K−1 is 
the universal gas constant and kB = 1.381·10−23 J·K−1 is the Boltzmann 
constant. With the g(E) spectrum normalized to 9 states in total, this 

equation gives = ×C T R R( ) 9 3 3V
T

per gram-mole of α-MgH2 in 
accordance with the Dulong and Petit law. The CV(V0,T) dependence 
thus calculated is shown in Fig. 3 (dashed red curve) together with 
the available CP(T) data [80] (open green circles). 

The calculated CV(V0,T) dependence was further converted to the 
CP(V0,T) dependence at constant pressure using the equation [85]:  

ΔCPV(T) = CP – CV = α2TV/β,                                                      (3)  

where V(T) is the molar volume of α-MgH2; α = (1/V)(∂V/∂T)P is the 
coefficient of volume expansion and β = –(1/V)(∂V/∂P)T is the iso-
thermal compressibility. The CP(V0,T) dependence calculated using  
Eq. (3) was also corrected for the effect of thermal expansion using 
the equation 

C T
T V V V

T
( )

(1 / )
PP

P

0 2

2 (4) 

derived in Ref. [78]. 
The obtained ΔCPV(T) and ΔCPP(T) dependences are presented in 

the inset to Fig. 3. As one can see, ΔCPP(T) is much smaller than ΔCPV 

(T), but taken together these two corrections give the CP(V,T) de-
pendence (solid blue curve in Fig. 3) that neatly fits the results [80] 
at high temperatures. 

3. Features of experimental studies of high-pressure hydrides 

The investigation of α-MgH2 thus demonstrated that studies on 
powder samples of metal hydrides using the existing neutron 
spectrometers can give the phonon densities of states, which are 
sufficiently accurate for the calculation of the heat capacity at con-
stant pressure (and therefore every standard thermodynamical po-
tential) in a wide temperature interval including temperatures much 
exceeding the upper limit of thermal stability of the hydride at 
ambient pressure. Calculating the CP(V,T) dependences at very high 
temperatures where they significantly differ from the dependences 
CV(V,T), however, requires additional information on the tempera-
ture dependences of thermal expansion and compressibility (see  
Eqs. (3) and (4)), which are not known for most hydrides. 

Besides, α-MgH2 is a dielectric material, and its heat capacity is 
fully determined by the lattice vibrations, whereas the hydrides of 

Fig. 1. [5]. The dynamical structure factor S(Q,E) of the α-MgH2 powder sample (open 
red circles) as a function of the energy loss (E  >  0) or gain (E  <  0) of the inelastically 
scattered neutrons measured at 7 K with the SEQUOIA spectrometer at ORNL, USA. 
The horizontal bars at the bottom of the figure indicate the energy resolution. In the 
inset, the solid magenta line labelled “exp” shows the generalized phonon density of 
states G(E) derived from S(Q,E) with the subtracted elastic peak at E = 0; the blue line 
“MPNS” represents the multiphonon contribution to G(E) calculated in an isotropic 
harmonic approximation, and the black line “1 ph” is the one-phonon G(E)1 ph spec-
trum of α-MgH2 obtained from G(E) by subtracting the MPNS contribution. 

Fig. 2. [5]. The densities g(E) of phonon states of α-MgH2 obtained from the INS data 
(solid red curve) and calculated in Ref. [83] (dashed black curve). 

Fig. 3. [5]. The heat capacity of α-MgH2 as a function of temperature. The open green 
circles show results of Ref. [80]; the dashed red curve represents the CV(V0,T) de-
pendence for α-MgH2 calculated from the experimental g(E) by using Eq. (2); the solid 
blue curve shows CP(T) = CV(V0,T) + ΔCPV(T) + ΔCPP(T), where ΔCPV(T) is the adjustment 
for the difference between CP(T) and CV(T), and ΔCPP(T) takes into account changes in 
CP(T) due to the volume expansion (see text). 
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group VI–VIII transition metals considered in this paper are metals. 
The contribution Cel(T) ≈ γT from the conduction electrons to the 
heat capacity of metals dominates at helium temperatures and re-
mains noticeable at room and higher temperatures. Typical values of 
γ for transition metals and their hydrides lie in the range of 1–10 mJ/ 
(K2mol Me) [86–88], and the electronic contribution to the total heat 
capacity reaches 3–10% at room temperature, much exceeding the 
difference between the CP and CV. The CV(T) dependences of high- 
pressure hydrides calculated in the present paper do not take Cel into 
account. 

Furthermore, some of the high-pressure hydrides considered in 
this paper are magnetically ordered. Namely, hcp-MnH0.86 [22] and 
fcc-MnH0.41 [24] are antiferromagnets, and dhcp-FeH [89] and fcc- 
CoH [90] are ferromagnets. The values and orientation of magnetic 
moments in these hydrides are determined experimentally and 
shown to agree with the predictions of the rigid d-band model first 
developed for fcc hydrides of 3d-metals and their alloys [91] and 
later extended to hcp hydrides [21]. However, the temperatures of 
the magnetic ordering of the hydrides have not yet been determined, 
because they are much higher than the decomposition temperatures 
at ambient pressure. Accordingly, it is currently impossible to esti-
mate the magnetic contribution C T( )P

magn to the heat capacity of 
these hydrides. 

One other difficulty with the analysis and use of the INS spectra 
of most of the high-pressure hydrides stems from the absence of an 
experimentally determined low-energy acoustic part of these 
spectra. Fortunately, the calculated MPNS spectra of these hydrides 
and the heat capacity at room and higher temperatures are not very 
sensitive to variations of the shape and other uncertainties of the 
calculated spectra of acoustic vibrations. For example, a replacement 
of the rather complicated two-peak experimental acoustic part of 
the INS spectrum with a Debye dependence in NiH hydride only led 
to very small changes in the MPNS contribution to the first optical 
band, and these changes became negligibly small in the energy range 
of the second and third bands. The changes in the heat capacity fell 
below 1% at 250 K and continued to decrease at higher temperatures 
(see Section 5.5). 

Some hydrides studied by INS were having non-stoichiometric 
compositions and this complicated the DFT calculations of the 
density of states of acoustic phonons and calculation of the number 
of modes of acoustic and optical vibrations. To solve the problem, the 
DFT calculations were performed for the stoichiometric hydrides 
while using the experimentally determined lattice parameter(s) of 
the non-stoichiometric phase. The numbers of phonon modes in the 
hydride with the non-stoichiometric composition MeHx were set 
equal to 3 for the band of acoustic vibrations and equal to 3x for the 
optical band. The heat capacity CV(T) of the hydride was calculated 
using Eq. (2) and the phonon density of states g(E) composed of the 
acoustic part normalized to 3 states and optical part normalized to 
3x states. Fig. 4 compares a value of CV(298 K) = 33.2 J/K/mol Pd 
calculated in such a way for PdHx with x = 0.63 (see Section 5.9) with 
the experimental dependence CP(298 K) vs. x for palladium hydrides 
constructed in Ref. [92]. One can observe a good agreement between 
the calculations and the experimental data. It should be noted, 
however, that the experimental errors are significantly under-
estimated in Ref. [92], and these errors rapidly increase 
when x  >  0.63. 

4. INS spectra of optical vibrations in high-pressure hydrides of 
3d- and 4d-metals 

Inelastic neutron scattering is one of the most direct and pow-
erful means for studying the lattice dynamics of the metal hydrides, 
but this method requires the use of rather massive samples and is 
yet inapplicable to the investigation of microsamples of a broad 
variety of new high-pressure superhydrides synthesized recently in 

diamond anvil cells at hydrogen pressures of tens of GPa. So far, INS 
experiments for the high-pressure hydrides have been limited to the 
ex-situ studies of metastable samples synthesized at hydrogen 
pressures up to 9 GPa in large-volume high-pressure chambers of 
the Toroid-type at the Institute of Solid State Physics RAS. Even with 
these chambers, the samples of the required mass of 0.2–5 g were 
normally collected in a series of syntheses performed at the same 
pressure-temperature conditions. 

The technique for compressing gaseous hydrogen developed at 
ISSP RAS has proved to be most effective for the hydrogenation of 
the group VI–VIII transition metals. Except for Pd, none of these 
metals forms hydrides at low hydrogen pressures. Exposing a metal 
sample to a hydrogen pressure of up to 9 GPa was sufficient for the 
synthesis of hydrides of all 3d-metals and all 4d-metals, except for 
Ru. In particular, hydrides of Fe, Co, Mo, Tc, and Rh have been syn-
thesized at ISSP RAS for the first time. 

Neutron diffraction studies showed that hydrides of the group 
VI–VIII transition metals have close-packed metal sublattices with a 
face centered cubic (γ), hexagonal close packed (ε), or double hex-
agonal close packed (ε′) structure, in which hydrogen atoms occupy 
octahedral interstitial positions (see review [93] and experimental 
reports published later [21,30]). These metal lattices with octahedral 
interstices and, for comparison, with alternative tetrahedral inter-
stitial sites are schematically shown in Fig. 5. The hydrides are all 
metals and most of them have a broad range of H/Me compositions. 
The full occupancy of octahedral positions in the γ, ε and ε′ 

Fig. 4. The experimental values of the heat capacity CP at constant pressure as a 
function of the mean hydrogen content x = H/Pd of palladium hydrides measured at 
298 K [92] (open blue circles) and the value of the heat capacity CV at constant volume 
and T = 298 K calculated for PdH0.63 in the present paper (solid red square). The 
straight dashed line shows the heat capacity for two-phase PdHx samples specified by 
the position of the calculated point at x = 0.63 for the miscibility region extending 
from x ≈ 0.01 to x ≈ 0.63. 

Fig. 5. Close-packed lattices of metal atoms (red circles) and interstices (smaller lilac 
circles) of octahedral (upper row) and tetrahedral (bottom row) types. 
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structures corresponds to an H-to-metal atomic ratio of x = 1 and the 
full occupancy of tetrahedral sites gives x = 2. 

Fig. 6 shows the INS spectra in the range of optical hydrogen 
vibrations for the hydrides of group VI–VIII transition metals studied 
to date. These are “raw” as-measured spectra normalized to the 
neutron flux at the sample after subtracting the background from 
the helium cryostat and sample holder. The spectrum of γ-PdH was 
measured at 25 K with the TFXA neutron spectrometer at ISIS, UK; 
other spectra were measured at 2–15 K with the IN1-BeF spectro-
meter at ILL, France. 

As one can see from Fig. 6, all spectra appear to be similar. The 
first, fundamental band of optical hydrogen vibrations consists of a 
strong peak with a broad shoulder toward higher energies. The peak 
mostly results from nearly non-dispersive transverse optical modes, 
while the shoulder mainly arises from longitudinal optical modes, 
which show a significant dispersion due to the long-range repulsive 
H–H interaction. The second and, if observed, the third optical H 
band show a rather smooth intensity distribution and appear at 
energies approximately two and three times the energy of the fun-
damental band, respectively. 

As one can also see from Fig. 6, the energy E0 of the main hy-
drogen peak in the INS spectra of d-metal hydrides monotonically 
increases with decreasing atomic number of the host metal (from 
top to bottom in the figure). This systematic behavior of E0 together 
with the similarity of the optical vibrational spectra brings a con-
clusion that in general the position of the main hydrogen peak in the 
INS spectra of d-metal hydrides with close-packed metal lattices and 
hydrogen in octahedral interstices does not strongly depend on the 
particular structure of the hydride – fcc, hcp, or dhcp. It is therefore 
reasonable to consider the dynamical properties of all these hydrides 
jointly, as a function of parameters applicable to every close-packed 
structure. 

One such parameter is the nearest hydrogen-metal distance R. In 
the case of the dihydrides with a close-packed fluorite-type struc-
ture (an fcc metal lattice with hydrogen filling the tetrahedral Me4 

interstices) formed by various d-metals, rare earths and even alkali 
earths, the energy of the main optical hydrogen peak as a function of 
R well follows the dependence E0(R) = A·R-3/2 [20]. As seen from  
Fig. 7, the available E0(R) values of the monohydrides show a quite 
different behavior as compared to the dihydrides. They steeply in-
crease with R and are significantly different for 3d- and 4d-metals. 

The reasons for the E0(R) = A·R-3/2 dependence common to all the 
fluorite-type dihydrides are not well understood yet. What is how-
ever clear is that the increase in R should decrease the strength of 
the interatomic interaction in a given hydride and should therefore 
decrease E0. This is in fact observed in the γ-PdHx solid solutions as x 
increases (see the dependence at the bottom of Fig. 7). The opposite 
behavior of E0(R) for the monohydrides of different d-metals (Fig. 7) 
thus indicates a significant increase in the hydrogen-metal interac-
tion in the series of the 3d-metals Ni→Co→Fe→Mn→Cr and also of 
the 4d-metals Pd→Rh→Mo. This effect agrees with predictions 
provided by the first-principles calculations [98] that the reduction 
in the number of valence electrons from right to left along the 
transition metal rows in the periodic table should lead to a 

Fig. 6. The dynamical structure factor S(Q,E) as a function of the energy loss E of the inelastically scattered neutrons for monohydrides of 3d-metals (a) and 4d-metals (b): ε-CrH  
[21], γ-CrH [21], γ-MnH0.41 [25], ε-MnH0.86 [23], ε′-FeH [94], [29], γ-CoH [30], γ-NiH [95], ε-MoH1.1 [96], γ-RhH [47], and γ-PdH [50]. For the convenience of comparison, the curves 
are shifted along the y-axis. 

Fig. 7. The energy of the main optical hydrogen peak E0 vs. the distance R between the 
nearest hydrogen and metal atoms for various dihydrides (crosses; H atoms fill tet-
rahedra M4) [20] and for monohydrides of 3d-metals (open red circles; H atoms fill 
octahedra M6) and 4d-metals (solid blue circles; H atoms fill octahedra M6) de-
termined in Ref. [47] from the S(Q,E) dependences shown in Fig. 6. The straight solid 
lines are a guide for the eyes. The crossed blue circles show the data for the dilute 
solid solution γ-PdH0.014 [97] and low-pressure hydride γ-PdH0.63 (this work). The 
dashed green curve is a least-squares fit to the data for the dihydrides [20]; to save 
space, the labels indicate only hydrided metals. 
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steepening of the potential well for interstitial hydrogen due to a less 
efficient screening of the ionic core charges. 

5. Phonon densities of states and heat capacities of individual 
hydrides 

In this Section, each INS spectrum shown in Fig. 6 is “corrected” 
by replacing the spurious intensity distribution at energies below 
the optical band by the acoustic phonon spectrum measured sepa-
rately with some other neutron spectrometer or calculated using the 
Born-von-Kármán fit or DFT. In a full analogy with the procedure 
applied to the INS spectrum of α-MgH2 and described in Section 2, a 
contribution from multiphonon neutron scattering is calculated for 
this “corrected” INS spectrum S(Q,E) and compared with the ex-
perimental distribution of scattering intensity above the optical 
band. Both the “corrected” S(Q,E) spectrum and the calculated MPNS 
spectrum are then transformed to the generalized phonon density of 
states; the MPNS contribution is subtracted from the experimental 
spectrum, and the resulting one-phonon spectrum G1 ph(E) is further 
transformed to the phonon density of states g(E) by renormalizing 
the integrated area under the G(E)1 ph curve to the number of phonon 
modes separately for the bands of acoustic and optical vibrations. In 
the stoichiometric hydrides MeH, the numbers of the acoustic and 
optical modes were the same and equal to 3. In the hydrides with a 
non-stoichiometric composition MeHx, the number of phonon 
modes was set equal to 3 for the acoustic band and equal to 3x for 
the optical band. The contributions CV

acoustic, CV
optic and 

= +C C CV V V
total acoustic optic of lattice vibrations to the heat capacity of 

the hydrides are calculated by Eq. (2) using, respectively, the acoustic 
and optical parts of g(E), and g(E) as a whole. The calculated phonon 
densities of states and heat capacities are shown on figures and 
presented in digital form in the Supplementary information files. 

5.1. Hcp-CrH and fcc-CrH [21] 

According to the reference data, both hcp (ε) CrH [99] and fcc (γ) 
CrH [100] can be synthesized at high hydrogen pressures. However, 
later thermodynamic analysis showed [101] that the fcc phase ob-
served in Ref. [100] using in situ x-ray diffraction could be not a 
binary CrH hydride but, most likely, was a product of a chemical 
reaction of chromium with some other substances present in the 
high-pressure cell. The spectrum of optical vibrations in a high- 
pressure ε-CrH sample synthesized at 2 GPa and 325 °C was studied 
by INS at 15 K using the IN1-BeF spectrometer at ILL [102]. 

Chromium hydrides with compositions close to CrH can also be 
produced by cathodic electrodeposition of chromium as described in 
Refs. [103,104]. In Ref. [21], a sample of γ-CrH and, for comparison, a 
sample of ε-CrH, about 1.5 g each, were prepared by cathodic elec-
trodeposition, powdered in liquid nitrogen, and studied by neutron 
diffraction at 8 K using the time-of-flight DN-2 diffractometer at the 
Joint Institute for Nuclear Research in Dubna and by INS at 10 K using 
the inverted-geometry time-of-flight KDSOG-M neutron spectro-
meter at JINR. The optical part of the INS spectrum of γ-CrH was 
additionally studied at 5 K with a better statistical accuracy using the 
IN1-BeF spectrometer at ILL. 

Neutron diffraction showed that hydrogen occupies octahedral 
interstitial sites in the fcc metal lattice of γ-CrH with a = 3.854(3) Å 
and in the hcp metal lattice of ε-CrH with a = 2.719(3) Å, c = 4.433(4) 
Å, and c/a = 1.630(2). No magnetic ordering was detected in either 
hydride at 8 K in agreement with earlier studies on nuclear magnetic 
resonance and magnetic susceptibility, which revealed no signs of 
magnetic ordering in these hydrides at temperatures down to 3 K  
[104]. Results of the INS investigation of the high-pressure sample of 
ε-CrH and of the γ-CrH sample produced electrolytically are shown 
in Fig. 8. 

As seen from Fig. 8a, the INS spectra of ε-CrH and γ-CrH are pretty 
much the same and look similar to the spectra of monohydrides of 
all other 3d- and 4d-metals of groups VI–VIII studied so far and 
shown in Fig. 6. Like all those, the spectra of chromium hydrides are 
composed of the range of acoustic modes (E  <  40 meV) and optical H 
vibrations (E  >  90 meV). The first, fundamental band of optical H 
vibrations consists of a strong peak centered at E0 ~120 meV with a 
shoulder towards the higher energies extending up to about 
170 meV. The second and third optical H bands resulting from 
multiphonon neutron scattering have a smoother intensity dis-
tribution and appear at energies approximately two and three times 
the energy of the fundamental band, respectively. 

The acoustic parts of the INS spectra of ε-CrH and γ-CrH hydrides 
are approximately the same because of the nearly cubic and almost 
coinciding arrangements of neighboring chromium atoms in the hcp 
modification of CrH with a c/a ratio close to the ideal value of 8/3
≈ 1.633, and in the fcc modification. The double-peak shape of S(Q,E) 
and g(E) in the range of lattice modes clearly seen in Fig. 8a is typical 
of the monohydrides with close-packed metal lattices, for example, 
γ-PdH [50] and γ-NiH [84]. By analogy with the spectrum of γ-PdH  
[50], the peaks at energies of 25 and 33 meV in the spectra of 
chromium hydrides can be attributed to the transverse and long-
itudinal acoustic zone-boundary modes, respectively. A high-energy 
cut-off of the lattice modes is observed at approximately 38 meV. 

As one can see from Fig. 8a, the contributions from multiphonon 
neutron scattering calculated in an isotropic and harmonic approx-
imation add a little intensity to the shoulder of the main optical peak 
and fairly well describe the main features of the experimental S(Q,E) 
spectra at energies above 180 meV. This suggests that the potential 
wells for hydrogen atoms in ε-CrH and γ-CrH hydrides are, on 
average, harmonic and isotropic at energies of up to those of the 
third excited states of optical H vibrations, at least. 

In the phonon density of states g(E) shown in Fig. 8b, the main 
optical peak is centered at E0 = 122 meV for ε-CrH and at E0 

= 118 meV for γ-CrH. Both peaks have a full width at half maximum 
of about 9 meV, which virtually coincides with the resolution 
Δ ≈ 8 meV of the IN1-BeF spectrometer in this energy range (see the 
horizontal bars in Fig. 8a). The slightly lower E0 value for γ-CrH can 
be attributed, at least partly, to the longer interatomic distances R in 
this hydride resulting in a weaker interatomic interaction. Specifi-
cally, R = a/2 = 1.927 Å for γ-CrH and = +R a c/3 /162 2 = 1.922 Å for 
ε-CrH. 

The calculated CV(T) dependences shown in Fig. 8c should fairly 
accurately represent the heat capacities of the ε-CrH and γ-CrH hy-
drides at medium and high temperatures because of the small 
contribution from the electronic heat capacity and as both hydrides 
are not magnetically ordered at temperatures down to 3 K [104]. 

Recently, two new chromium hydrides have been synthesized in 
diamond anvils and studied in situ by x-ray diffraction using syn-
chrotron radiation [105]. These were Cr2H3 stable at hydrogen 
pressures from 17 to 24 GPa, and CrH2 stable at pressures from 
~28 GPa to a maximum applied pressure of 120 GPa. Following the 
theoretical predictions [106], Cr2H3 and CrH2 were considered as 
ordered solid solutions of hydrogen in ε-CrH, formed by the hy-
drogen filling of tetrahedral interstices in the hcp chromium lattice, 
which underwent slight monoclinic and orthorhombic distortions, 
respectively. 

5.2. Hcp-MnH0.86 [23,107] and fcc-MnH0.41 [25] 

When heated at atmospheric pressure, manganese forms 4 al-
lotropic modifications: α-Mn and β-Mn with complex cubic lattices; 
fcc γ-Mn and body centered cubic (bcc) δ-Mn. Phase transformations 
in the Mn-H system were studied at pressures up to 4.4 GPa and 
temperatures up to 1300 K using a quenching technique [108] and up 
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to 8 GPa and 1300 K using in situ x-ray diffraction [109]. To the best 
of our knowledge, studies at higher pressures have not been carried 
out. At hydrogen pressures up to 4.4 GPa, manganese hydrides were 
shown to include 4 different phases: primary solid solutions α-MnHx 

and β-MnHx with x  <  0.1; concentrated fcc solid solutions (hydrides) 
γ-MnHx and hcp hydrides ε-MnHx. Each of these phases is thermally 
stable under ambient conditions and can be handled in air. The 
hydrogen content was earlier shown to vary in the range 0  <  x  <  0.5 
for the γ phase [110] and from x = 0.65–0.96 for the ε phase [111]. The 
temperature of transformation of the low-temperature ε hydrides to 
the high-temperature γ hydrides increases from ≈ 620 K at the triple 
point α + γ + ε at 0.7 GPa to ≈ 1120 K at 4.4 GPa [108]. Fukai et al. [109] 
discovered another triple point γ + ε + ε′ at approximately these T and 
P and found the stability field of ε′ hydride with a double hcp 
manganese lattice at higher pressures. Regretfully, our attempts to 
quench this new ε′ hydride and study it at atmospheric pressure 
were unsuccessful. 

Neutron diffraction investigation of α-MnH0.073 showed that the 
dissolved hydrogen randomly occupies interstitial positions of the 
12e type (space group I m43̄ ), which form dumbbells 0.68 Å long 
located at the centeres of the edges and faces of the cubic unit cell of 
α-Mn [26]. Due to the small distance between the sites in the 
dumbbell, these positions cannot be occupied by hydrogen atoms at 
the same time due to the H···H ‘blocking effect’ [112], which requires 
that the distance between hydrogen atoms in a metal should not be 
less than 2 Å. The small distance of 0.68 Å between the sites in the 
dumbbell also results in a giant effect of hydrogen tunnelling, which 
is clearly visible in the inelastic neutron scattering spectra of α- 
MnH0.073 even at temperatures as high as 100 K [26,113]. A de-
scription of the available experimental results and theoretical con-
siderations describing the tunnelling effect can be found in Ref. [27]. 

According to the neutron diffraction data [22], hydrogen atoms in 
the ε-MnHx hydrides with x ≥ 0.83 are randomly distributed over 
octahedral interstices in the hcp metal lattice at T = 120 K. The hy-
drides are antiferromagnets with the Néel temperature of TN ≈ 360 K 
and have a layered collinear spin structure formed of ferromagnetic 
(110) planes coupled antiferromagnetically. 

Fig. 9 shows results of an INS investigation of a powder sample of 
hcp-MnH0.86(4) with a mass of about 3 g and the lattice parameters a 
= 2.694(8), c = 4.357(11), and c/a = 1.617(6) at room temperature. The 
sample was synthesized at a hydrogen pressure of 2.6 GPa and tem-
perature 620 K and measured at 290 K with the KDSOG-M spectro-
meter at JINR, Dubna [107] and at 5 K with the IN1-BeF spectrometer 
at ILL, Grenoble [23]. The “corrected” S(Q,E) spectrum presented in  
Fig. 9a combines the acoustic part at neutron energy transfers 
E  <  40 meV obtained with KDSOG-M and the optical part at 
E  >  90 meV measured with IN1-BeF with better statistical accuracy. 

As seen from Fig. 9a, the experimental intensity distribution in-
side the second optical band located in the energy range from 200 to 
300 meV is fairly well reproduced by the spectrum of multiphonon 
neutron scattering (solid green curve) calculated in a harmonic and 
isotropic approximation. This indicates that the potential wells for H 
atoms in ε-MnH0.86 are harmonic and isotropic (at least, on average) 
at energies equal to and somewhat higher than the energies of the 
second excited states of the optical H vibrations. In the phonon 
density of states of ε-MnH0.86 presented in Fig. 9b, the acoustic and 
optical parts are normalized to 3 and 3 × 0.86 states, respectively, in 
accordance with the non-stoichiometric composition of the hydride. 
The magnetic contribution (not determined) to the temperature 
dependence of the heat capacity of ε-MnH0.86 shown in Fig. 9c 
should increase at temperatures up to TN ≈ 360 K and vanish at 
higher temperatures. 

Fig. 8. (a) The “corrected” dynamical structure factor S(Q,E) as a function of the energy loss E of the inelastically scattered neutrons for hcp (ε) CrH (upper panel, open blue circles) 
and fcc (γ) CrH (lower panel, open red circles) composed of the acoustic part (E  <  40 meV) measured at T = 10 K with the KDSOG-M neutron spectrometer at JINR and the optical 
part (E  >  90 meV) measured at T = 5 K and 15 K with the IN1-BeF neutron spectrometer at ILL [21]. The vertical bars show the centers of the experimental optical peaks. The solid 
magenta and green curves show the calculated multiphonon contributions for hcp-CrH and fcc-CrH, respectively. (b) The phonon densities of states g(E) for hcp-CrH (solid curve) 
and fcc-CrH (dashed curve). (c) Heat capacities CV(T) due to the lattice vibrations in hcp-CrH (solid curve) and fcc-CrH (dashed curve). 
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According to the neutron diffraction study of a powder sample of 
γ-MnH0.41 hydride performed at 300 K [24], hydrogen atoms ran-
domly occupy octahedral interstices in its fcc metal lattice with the 
unit cell parameter a = 3.776 Å. The hydride is an antiferromagnet 
with TN >   > 300 K and a layered collinear structure formed of fer-
romagnetic (001) planes coupled antiferromagnetically. 

Fig. 10 presents the results of an INS investigation at 2 K [25] of 
the same powder sample of fcc-MnH0.41 hydride weighing 0.29 g, 
which was studied by neutron diffraction in Ref. [24]. 

Similar to the INS spectrum of hcp-MnH0.86 (Fig. 9a), the calcu-
lated MPNS contribution fairly well describes the energy range and 
the distribution of scattering intensity in the second optical band of 
fcc-MnH0.41 (Fig. 10a), which points to its harmonic and isotropic 
character. The small difference between the almost coinciding po-
sitions of the main optical peak at E0 = 113 and 112 meV in the S(Q,E) 
spectra of fcc-MnH0.41 and hcp-MnH0.86, respectively (see Fig. 7), 
correlates with a slightly shorter H-Mn distance R = 1.888 Å in fcc- 
MnH0.41 compared with R = 1.899 Å in hcp-MnH0.86. The acoustic and 
optical parts of g(E) for fcc-MnH0.41 (Fig. 10b) are normalized to 3 
and 3 × 0.41 states, respectively, in accordance with the composition 
of the hydride. Presumably, the magnetic contribution 

=C T S T( / )P P
magn magn to the heat capacity C T( )V

total of fcc-MnH0.41 at 
temperatures up to 300 K and even higher should be small because 
of the weak temperature dependence of S T( )magn due to the high 
Néel point TN >   > 300 K [24]. 

5.3. Dhcp-FeH [29,94,114] 

On the T-P phase diagram of iron, the fields of the low-tem-
perature low-pressure bcc α-Fe, low-temperature high-pressure hcp 
ε-Fe, and high-temperature fcc γ-Fe meet at a triple point at 9.7 GPa 
and 720 K [115]. At high hydrogen pressures, the hydrogen solubility 
in α-Fe is small and does not exceed several atomic percent [116,117]; 
the γ-Fe phase and hydrogen form continuous solid solutions with 
0  <  x  <  1 [117–119], and an approximately stoichiometric hydride ε′- 
FeH with a double hcp metal lattice is formed instead of ε-Fe  
[28,120]. The stability fields of these phases join at a triple point at 
5 GPa and 550 K. The temperature of the ε′↔γ transformation in-
creases from this point to about 660 K at 6.7 GPa; the temperature 
hysteresis of this transformation does not exceed 15 K [116]. 

The formation and decomposition of the dhcp ε′ hydride are 
sluggish processes. For example, the α→ε′ transition at increasing 
pressure begins at 3.5–5 GPa, but noticeable amounts of non-reacted 
α-Fe were still observed in the Fe-H samples exposed to the hy-
drogen pressures beyond 9 GPa at temperatures up to 620 K  
[120,121]. The in-situ x-ray measurements [122] showed also that 
the α→ε′ transition is a complex process involving the formation of 
an intermediate metastable phase with an hcp (ε) metal lattice. As a 
rule, the transition of the ε phase to the ε′ phase is incomplete, and 
most ε′ samples contain a certain amount of the hcp impurity, which 
can be considered as a solid hydrogen solution in the high-pressure 

Fig. 9. (a) The “corrected” experimental INS spectrum of a powder sample of hcp-MnH0.86 hydride (open red circles) and a contribution from MPNS (solid green curve) calculated 
in an isotropic and harmonic approximation [23]. The experimental spectrum is composed of the acoustic part measured at 290 K with the KDSOG-M spectrometer at JINR [107] 
and of the optical part at E  >  90 meV measured at 5 K with the IN1-BeF spectrometer at ILL [23]. The vertical bars show the centeres of the experimental optical peaks. (b) The 
phonon density of states g(E) for hcp-MnH0.86 derived from the experimental INS spectra. (c) Heat capacities CV(T) due to the lattice vibrations in hcp-MnH0.86. 
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hcp phase of iron. One of our Fe-D samples loaded with deuterium at 
9.2 GPa and 620 K proved to mostly contain the ε phase, and a 
neutron diffraction investigation showed [28] that the composition 
of this phase was FeD0.42(4) and deuterium randomly occupied oc-
tahedral interstitial positions in its hcp metal lattice. The dhcp 
crystal structure of ε′-FeH was imperfect and contained about 20% of 
stacking faults, as was shown by 57Fe Mössbauer spectroscopy [123] 
and confirmed by neutron diffraction [28]. 

We were unable to recover any γ-FeHx sample synthesized at 
high pressures and study it at atmospheric pressure, since these 
samples inevitably disintegrated into a mixture of the ε′-FeH and α- 
Fe phases upon cooling under H2 pressure [116,119]. As a con-
sequence, the INS investigation was only carried out for a sample of 
the ε′ phase [94]. The sample weighing 0.17 g was synthesized under 
a hydrogen pressure of 7.1 GPa and a temperature of 400 K and 
consisted of 0.12 mm thick hydrogenated plates of polycrystalline 
iron preliminarily purified by zone melting, cold rolled and finally 
refined in hydrogen gas at 1140 K for 100 h. To diminish the texture 
effects, the plates of the hydrogenated sample were broken under 
liquid nitrogen into pieces of around 0.5 mm across. We refrained 
from further comminution of the pieces because an x-ray ex-
amination showed that grinding Fe-H samples in a mortar leads to 
severe smearing of their diffraction lines, presumably due to the 
partial disordering of the stacking of close-packed layers in the dhcp 
ε′ hydride. The sample was examined by neutron diffraction at 90 K  

[28], which showed that it consisted of the dhcp hydride with a 
= 2.679 Å, c = 8.77 Å, and an almost ideal ratio c/a = 2·1.637 ≈ 2 8/3 ; 
the sample also contained several percent of unreacted α-Fe and did 
not contain ε hydride. Since the α-Fe phase was practically free of 
hydrogen, its contribution to the INS spectrum of the sample was 
negligibly small. 

The “corrected” S(Q,E) spectrum of this sample shown in Fig. 11a 
is composed of the optical part at E  >  80 meV measured at 5 K by 
inelastic neutron scattering on the IN1-BeF spectrometer at ILL [94] 
and the acoustic part at E  <  40 meV measured in a diamond anvil 
cell at room temperature and a hydrogen pressure of 4 GPa by nu-
clear resonant x-ray scattering using a sample enriched with 57Fe  
[114]. The optical spectrum of ε′-FeH published in Ref. [94] was 
additionally corrected in Ref. [29] by subtracting the background 
from an empty helium cryostat. The acoustic and optical parts of the 
phonon density of states represented in Fig. 11b are normalized to 3 
states each. The ε′ hydride of iron is a ferromagnet with a magnetic 
moment of 2.2 Bohr magneton per Fe atom and a Curie temperature 
of TC >   > 80 K [89]. At elevated temperatures, one can expect a large 
magnetic contribution to the vibrational heat capacity C T( )V

total of ε′- 
FeH shown in Fig. 11c. 

Recent in situ synchrotron x-ray diffraction studies of the Fe-H 
system in laser-heated diamond anvil cells showed that the dhcp- 
FeH phase is stable at pressures up to ~67 GPa [124]. A further in-
crease in the hydrogen pressure resulted in the formation of a 

Fig. 10. (a) The “corrected” experimental spectrum S(Q,E) of a powder sample of fcc-MnH0.41 hydride (open red circles) and the MPNS contribution (solid olive curve) calculated in 
an isotropic and harmonic approximation [25]. The S(Q,E) spectrum is composed of the acoustic part in the range of the neutron energy transfers E  <  40 meV calculated using DFT 
and of the optical part at E  >  90 meV measured at 2 K with the IN1-BeF spectrometer at ILL. The vertical bars show the centers of the experimental optical peaks. (b) The phonon 
density of states g(E) for fcc-MnH0.41. The acoustic part of g(E) is calculated using DFT and the optical part is derived from the experimental INS spectrum. (c) Heat capacities CV(T) 
due to the lattice vibrations in fcc-MnH0.41. 
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tetragonal FeH2 phase at 67 GPa [124], cubic FeH3 phase at 86 GPa  
[124], and a tetragonal FeH5 phase with the same space group I4/ 
mmm as for FeH2 at a pressure of 130 GPa [125]. 

5.4. Fcc-CoH [30] 

When heated at atmospheric pressure, the low-temperature hcp 
(ε) modification of cobalt transforms to the high-temperature fcc (γ) 
modification at Tγ ≈ 720 K, and the temperature Tγ of this transition 
approximately linearly increases with pressure in inert medium at a 
rate dTγ/dP ≈ 30–33 K/GPa [126,127]. In a hydrogen atmosphere, Tγ 

slightly increases at pressures up to 2.5 GPa compared to its de-
pendence in the inert medium [127], reaches a maximum value of Tγ 

≈ 1080 K at a pressure of 6 GPa [128] and then drops below 520 K at 
7 GPa [129]. At temperatures 500–600 K, the hydrogen solubility in 
the low-temperature hcp phase of cobalt monotonically increases 
with pressure and reaches an atomic ratio H/Co of x ≈ 0.5 at 
P = 6.5 GPa [127]. At P ≥ 7 GPa, the hydrogen solubility in cobalt 
abruptly rises to x ≈ 1 due to the formation of a stoichiometric fcc- 
CoH hydride [129]. As shown in Ref. [130], the unusual shape of the 
T-P diagram of the Co-H system results from an isomorphic phase 
transformation in the metastable solid fcc solutions Co-H, which 
terminates at a critical point at P ≈ 5 GPa and T  <  500 K. 

The hcp and fcc hydrides of cobalt are thermally stable at at-
mospheric pressure at temperatures below 250 K. Both cobalt and its 
hydrides are ferromagnets. At temperatures 80−200 K, the magnetic 
moments in the hcp hydrides decrease from 1.71 μB/atom Co at x = 0 
to about 1.55 μB/atom Co at x = 0.5, and decreases to about 1.3 μB/ 
atom Co for the fcc hydride with x ≈ 1 [90]; μB is the Bohr magneton. 
A neutron diffraction investigation at ambient pressure and 120 K 
showed [131] that hydrogen atoms are randomly distributed over 
octahedral interstices in the hcp cobalt hydrides with x ≤ 0.26 and 
form layered superstructures in the solutions with x ≥ 0.34, occu-
pying every third octahedral basal layer at x = 0.34 and every second 
layer at x ≥ 0.38. No hcp cobalt hydrides have been studied by INS 
so far. 

A powder sample of fcc-CoH1.00(3) weighing 0.4 g was prepared at 
a hydrogen pressure of 9 GPa and a temperature of 620 K and studied 
by neutron diffraction at ambient pressure and 95 K with the D20 
and D1B neutron diffractometers at ILL and by inelastic neutron 
scattering at 5 K using the neutron spectrometer IN1-BeF also at ILL  
[30]. Neutron diffraction showed that hydrogen occupied octahedral 
interstitial sites in the fcc metal lattice of γ-CoH with a = 3.7124(5) Å. 
The results of the INS investigation of the same sample of fcc-CoH 
are shown in Fig. 12. As seen from Fig. 12a, the calculated MPNS 
contribution fairly well describes the energy range and the dis-
tribution of scattering intensity in the second and third optical bands 

Fig. 11. (a) The “corrected” experimental spectrum S(Q,E) for dhcp (ε′) hydride FeH (open red circles) and the MPNS contribution (solid dark cyan curve) calculated in an isotropic 
and harmonic approximation. The S(Q,E) spectrum is composed of the acoustic part at E  <  40 meV measured at room temperature and a hydrogen pressure of 4 GPa by nuclear 
resonant x-ray scattering [114] and of the optical part at E  >  80 meV measured at 5 K with the IN1-BeF spectrometer [29,94]. The vertical bars show the centers of the ex-
perimental optical peaks. (b) The phonon density of states g(E) for dhcp-FeH derived from the experimental vibrational spectra. (c) Heat capacities CV(T) due to the lattice 
vibrations in dhcp-FeH. 
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of the experimental spectrum, which points to its mostly harmonic 
and isotropic character. The acoustic and optical parts of the phonon 
density of states of fcc-CoH shown in Fig. 12b are normalized to 3 
states each. Since fcc-CoH is a ferromagnet with a yet undetermined, 
but high Curie temperature of TC >   > 200 K [90], its vibrational heat 
capacity C T( )V

total shown in Fig. 12c should considerably increase at 
temperatures up to TC due to the magnetic contribution. 

Recent synchrotron x-ray diffraction studies of the Co-H system 
in diamond anvil cells showed that the fcc-CoH phase is stable at 
hydrogen pressures of up to about 33 GPa [132–134]. At a pressure of 
33–40 GPa, fcc-CoH transforms to fcc-CoH2 with the H atoms pre-
sumably occupying tetrahedral interstices [133,134], and a CoH3 

phase with a primitive cubic metal lattice is finally formed after 
heating the sample above 1070 K at 75 GPa [134]. 

5.5. Fcc-NiH [84,95] 

Nickel hydride is formed via an isomorphic γ1→γ2 transition and 
can be produced electrolytically and under high hydrogen pressure  
[135]. At room temperature, the γ1→γ2 transition is accompanied by 
an abrupt increase in the hydrogen solubility from x ≈ 0.01 to x ≈ 1  
[135,136]. The available experimental data on the pressures of for-
mation and decomposition of nickel hydride and deuteride at tem-
peratures up to about 650 K are presented and critically analysed in 

Ref. [32]. The compositions of the coexisting γ1 and γ2 phases get 
closer to each other with increasing temperature, and the line of the 
γ1↔γ2 equilibrium terminates in a critical point at 633 K, 1.4 GPa, and 
x ≈ 0.5 in accordance with Ref. [137]. The Curie temperature of fer-
romagnetic γ1 solutions decreases with hydrogen pressure from TC 

= 627 K at atmospheric pressure to TC ≈ 551 K near the line of the γ1→ 
γ2 transition due to the increase in the equilibrium hydrogen solu-
bility in nickel [136] (in an inert medium, the Curie point of Ni 
slowly and approximately linearly increases with pressure [138]). 
The γ2 phase is neither ferromagnetic, nor superconducting at 
temperatures down to 0.3 K [139]. 

A NiH1.05(5) sample prepared at a hydrogen pressure of 2 GPa and 
a temperature of 523 K was studied by neutron diffraction at 120 K 
and shown to have a NaCl-type crystal structure, in which H atoms 
occupied all octahedral interstices in the fcc metal lattice with a 
= 3.740 Å [31]. A sample of fcc nickel hydride with the same com-
position NiH1.05(5) assigned for the INS investigation was made from 
polycrystalline plates with strong (001)[100] texture and a total 
weight of 2.5 g [95]. The sample was loaded with hydrogen at 3 GPa 
and 573 K and had an fcc metal lattice with a = 3.732(6) Å at 100 K 
according to x-ray diffraction. The INS spectra were measured at 5 K 
with the IN1-BeF spectrometer at ILL using two different orienta-
tions of the sample, with the [100] axis of the texture at an angle of 
ψ = 0 and 45° to the direction of neutron momentum transfer Q [95]. 
The second and third bands of optical H vibrations in the spectrum 

Fig. 12. (a) The “corrected” experimental spectrum S(Q,E) of a powder sample of fcc-CoH hydride (open red circles) and the MPNS contribution (solid blue curve) calculated in an 
isotropic and harmonic approximation [30]. The S(Q,E) spectrum is composed of the acoustic part in the range of neutron energy transfers E  <  40 meV calculated using DFT and of 
the optical part at E  >  80 meV measured at 5 K with the IN1-BeF spectrometer [30]. The vertical bars show the centers of the experimental optical peaks. (b) The phonon density of 
states g(E) for fcc-CoH. The acoustic part of g(E) is calculated using DFT and the optical part is derived from the experimental INS spectrum. (c) Heat capacities CV(T) due to the 
lattice vibrations in fcc-CoH. 
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measured at ψ = 0° (with Q in the < 100  > directions from the H atom 
toward the nearest Ni atoms in the NiH crystal) turned out to be 
substantially anharmonic. The ψ = 45° spectrum (with Q along 
the < 110  > directions and close to the < 111  > directions) was almost 
harmonic and similar to the INS spectra of previously studied NiH 
samples with a random orientation of crystal grains [84]. The unu-
sual anisotropy and anharmonicity of hydrogen optical vibrations in 
NiH will be considered in more detail in Section 6.1. A “corrected” 
45° spectrum of fcc-NiH is shown in Fig. 13a. 

The acoustic part of the INS spectrum of fcc-NiH used in the 
present paper was measured in Ref. [84] with low statistical accu-
racy. To estimate the inaccuracies in the calculated MPNS spectrum 
and in the CV(T) dependences resulting from the inaccuracy in the 
acoustic part of the S(Q,E) spectrum, we performed calculations 
using the experimental acoustic spectrum and its Debye approx-
imation shown in Fig. 13a by the open red circles and by the solid 
black curve, respectively. As seen from Fig. 13a, a replacement of the 
experimental acoustic spectrum by the Debye dependence notice-
ably changes the MPNS contribution only in the energy range of the 
first optical band. Using Debye’s g(E) instead of the experimental 
density of states of acoustic phonons (the black and red curves, re-
spectively, in Fig. 13b) leads to an increase in C T( )V

acoustic by 10% at 

50 K, by 5% at 100 K, by less than 1% at 250 K, and this inaccuracy 
continues to decrease at higher temperatures (see the inset in  
Fig. 13c). That is, at T  >  50 K, the error induced in the heat capacity 
by the radical change in the acoustic g(E) does not exceed the in-
accuracy of most calorimetric measurements. 

According to the recent in situ synchrotron x-ray diffraction 
studies performed in diamond anvil cells, fcc-NiH remains stable at 
hydrogen pressures up to 61 GPa at room temperature and trans-
forms to monoclinic Ni2H3 upon laser heating to above 1000 K at 
52–61 GPa [140,141]. 

5.6. Hcp-MoH1.1 [96] 

The hcp (ε) non-stoichiometric molybdenum hydride MoHx with 
x  >  1 is formed from a dilute solid solution of hydrogen in bcc (α) 
molybdenum at hydrogen pressures above 3.5– 4 GPa [142]. An in 
situ x-ray diffraction investigation in a diamond anvil cell at room 
temperature and pressures up to 30 GPa showed [143] that the hy-
drogen content of the hcp hydride monotonically increases from 
x ≈ 1.1 at 4 GPa to x = 1.35(10) at 15 GPa and then stops changing. 
High-temperature phase transformations in the Mo-H system were 
studied by in situ x-ray diffraction at hydrogen pressures up to 

Fig. 13. (a) Open red circles show a “corrected” experimental spectrum S(Q,E) of fcc-NiH hydride composed of the acoustic part in the range of neutron energy transfers 
E  <  35 meV measured at 230 K with the KDSOG-M spectrometer [84] and of the optical part at E  >  75 meV measured on the IN1-BeF spectrometer at 5 K and an angle of ψ = 45° 
between the [100] axis of the sample texture and the direction of neutron momentum transfer [95]. The vertical bars show the centers of the experimental optical peaks. The solid 
black curve shows the Debye approximation of the acoustic spectrum; the Debye energy is 26(2) meV [84]. The solid green and dashed blue curves represent the contributions 
from multiphonon neutron scattering calculated, respectively, using the acoustic part of the spectrum measured experimentally and calculated in the Debye approximation. (b) 
The red curve depicts the phonon density of states g(E) for fcc-NiH derived from experiment (open red circles in Fig. 13a). The black curve shows the Debye dependence g(E) ~ E2 

fitted to the acoustic part of the experimental spectrum. (c) Heat capacities CV(T) due to the lattice vibrations in fcc-NiH calculated from the experimental g(E) (red curve in  
Fig. 13b). The inset compares the C T( )V

acoustic dependences calculated from the experimental g(E) (black curve) and its Debye approximation (green curve). 
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5.3 GPa and temperatures up to 1470 K using a multi-anvil apparatus  
[144]. The formation of a high-temperature fcc-MoH hydride at 
T  >  750–840 K reported in Ref. [144] was not, however, confirmed in 
a later work [145] using a Toroid-type apparatus and quenching 
technique. Instead, the stability region of the low-temperature hcp- 
MoH1.1 hydride was found to grow with pressure, and the tem-
perature of its boundary with the region of dilute α solutions rose 
with pressure from about 750 K at 3.5 GPa to 1070 K at 5.5 GPa. Thus, 
the hcp molybdenum hydride MoHx with x ≈ 1.1–1.35 is the only 
hydride currently available for investigation in the Mo-H system. 

Samples of “overstoichiometric” hydrides MoHx with x  >  1 are 
thermally stable at atmospheric pressures at temperatures below 
220 K [142]. Presumably [143], hydrogen atoms in these samples 
should completely occupy octahedral interstitial sites in the hcp 
metal lattice, which gives xocta = 1, and partially fill tetrahedral in-
terstices, so that the total x = xocta + xtetra. However, a neutron dif-
fraction pattern of a powder sample MoH1.19, measured in a 
metastable state at atmospheric pressure and T = 120 K, could only 
be interpreted as if the hydride composition was MoH0.95(5) and 
hydrogen atoms occupied the O-sites only [31]. A recent neutron 
diffraction study of a MoD1.07 sample at 100 K showed [46] that the 
complete filling of the O-sites and partial filling of the T-sites is most 
likely. The puzzling conclusion of Ref. [31] was probably the result of 
an unfortunate combination of some negative factors such as the 

anomalously large amplitude of incoherent neutron scattering by H 
atoms. Nevertheless, an unambiguous solution to the problem of site 
occupancy in hcp molybdenum hydrides still needs further experi-
mental investigations of samples with higher hydrogen content. 

Fig. 14 shows results of an INS study of an hcp-MoH1.1(1) sample 
weighing 2.2 g and consisting of a stack of plates cut from high- 
purity single-crystal molybdenum foil 0.2 mm thick with the elec-
trical resistance ratio R300 K/R4.2 K ≈ 1000, which were loaded with 
hydrogen at 5 GPa and 620 K [96]. According to the x-ray diffraction 
study of several plates at 120 K, the lattice parameters of the hcp 
metal lattice of the sample were a = 2.93 Å, c = 4.74 Å, and c/a = 1.62. 
The INS experiment was carried out at 15 K using the IN1-BeF neu-
tron spectrometer. 

The INS study provided no reliable evidence of the occupancy of 
T-sites in the MoH1.1 sample. Possible contributions to the S(Q,E) 
spectrum of molybdenum hydride from neutron scattering by H 
atoms occupying the T-sites were considered in Ref. [46]. In parti-
cular, an extrapolation of the fundamental frequency of hydrogen 
optical vibrations at the T-sites in hypothetical hcp-MoH2, predicted 
by ab initio calculations [146], to the lattice parameters of MoH1.1 

gave a broad peak at ~200 meV. As seen from Fig. 14a, near this 
energy there is neither a peak, nor a hump, nor any other feature, 
which could be attributed to the H vibrations at the T-sites. In the 
calculation of the MPNS spectrum (solid black curve in Fig. 14a) we 

Fig. 14. (a) The “corrected” experimental spectrum S(Q,E) of a polycrystalline sample of hcp-MoH1.1(1) hydride (open red circles) [96] and the MPNS contribution (solid black 
curve) calculated in an isotropic and harmonic approximation. The S(Q,E) spectrum is composed of the acoustic part in the range of the neutron energy transfers E  <  35 meV 
calculated using DFT and of the optical part at E  >  80 meV measured at 15 K with the IN1-BeF spectrometer [96]. The vertical bars show the centers of the experimental optical 
peaks. (b) The phonon density of states g(E) for hcp-MoH1.1. The acoustic part of g(E) is calculated using DFT and normalized to 3 states; the optical part is derived from the 
experimental INS spectrum and normalized to 3.3 states. (c) Heat capacities CV(T) due to the lattice vibrations in hcp-MoH1.1. 
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assumed that the scattering intensity in the range 0–180 meV is 
entirely due to neutron scattering by H atoms occupying the O-sites. 

As seen from Fig. 14a, the multiphonon calculation in the har-
monic isotropic approximation correctly reproduces the position of 
the experimental two-phonon peak at 231 meV. This indicates the 
absence of a noticeable anharmonicity in the INS spectrum of the 
MoH1.1 sample in the energy range of the first and second bands of 
optical vibrations of H atoms at the O-sites. The excess intensity in 
the 250–300 meV range, which is not reproduced by the calculation, 
may result from the neglected vibrations of the H atoms at the T- 
sites. 

Under the assumption that the number of acoustical modes in 
MoH1.1 is determined by the number of Mo atoms, and the number 
of optical modes by the number of H atoms, the acoustic part of the 
phonon density of states g(E) was normalized to 3 states and the 
optical part to 1.1 × 3 = 3.3 states (see Fig. 14b). The heat capacities CV 

(T) shown in Fig. 14c were calculated by Eq. (2) using the g(E) de-
pendence thus obtained. Molybdenum hydride is a superconductor 
with the same Tc = 0.92 K as molybdenum metal and no magnetic 
order is observed in it at temperatures down to 0.3 K [147]. There-
fore, there should be no magnetic contribution to its heat capacity at 
elevated temperatures. 

5.7. Fcc-RhH [47] 

Rhodium metal has an fcc (γ) structure and forms hydride with 
an fcc metal lattice, too, [148] via an isomorphic γ1→γ2 transition at 
hydrogen pressures of 4.5–5 GPa in the temperature range from 
300 K [149] to 870 K [82,150]. Near the line of this transition, the 
hydrogen content of the dilute γ1 solid hydrogen solution increases 
with temperature from x ≤ 0.01 at 520 K [148] to x ≈ 0.05 at 870 K  
[82], while the composition of the γ2 hydride remains virtually un-
changed and close to RhH [82,150]. The hydride can be retained in a 
metastable state at ambient pressure and T  <  170 K, if the sample is 
previously cooled under high hydrogen pressure. A neutron diffrac-
tion investigation at 120 K demonstrated [31] that a γ-RhH1.00(3) 

sample synthesized at 623 K and 7 GPa had a NaCl-type crystal 
structure with H atoms occupying every octahedral site in the fcc Rh 
lattice with the parameter a = 4.010(5) Å, which was expanded by 
5.6% compared to a = 3.799(3) Å of fcc Rh metal without hydrogen. 

According to the results of a room-temperature in situ synchro-
tron x-ray diffraction investigation in a diamond anvil cell [149,151], 
an increase in the hydrogen pressure to 8 GPa leads to the trans-
formation of fcc-RhH with octahedrally co-ordinated H atoms into 
fcc-RhH2 with H atoms occupying tetrahedral interstices. Our efforts 
to prepare a bulk sample of RhH2 at a hydrogen pressure of 9 GPa 
and temperatures from 300 to 870 K, however, were unsuccessful  
[82]. Most likely, the formation pressure of RhH2 is higher than 9 GPa 
in the case of bulk samples because of the larger baric hysteresis 
caused by the elastic stresses accompanying the growth of the di-
hydride phase. 

A sample of fcc-RhH0.98(3) weighting 0.9 g and made of textured 
0.1 mm foil of rhodium metal was hydrogenated at 7 GPa and 600 K 
and studied by inelastic neutron scattering at atmospheric pressure 
and 5 K in the range of neutron energy transfers 35–380 meV using 
the IN1-BeF neutron spectrometer at ILL [47]. The hydrogenated 
plates of Rh were brittle and easily cracked to about a hundred small 
pieces, which were placed in a flat aluminum container and ar-
ranged in one layer, side by side, randomly with respect to their 
rolling direction. The sample was measured in two different or-
ientations, with an angle ψ = 0° and 45° between the vector of the 
neutron momentum transfer, Q, and the normal to the sample plane.  
Fig. 15a shows the obtained S(Q,E) spectra, in which the spurious 

scattering intensity at E  <  45 meV is replaced by an acoustic spec-
trum calculated using DFT. 

As seen from Fig. 15a, the experimental spectra measured at 
ψ = 0° and 45° strongly differ from the calculated harmonic multi-
phonon spectrum in the ranges of the second and third optical 
bands. Meanwhile, these bands in the INS spectra of similar fcc 
monohydrides of palladium [50] and nickel [95] show significant 
anharmonicity only for the Q’s directed close to the <  100  >  axes, 
which are directions from the H atom to the nearest metal atom. For 
other directions of the neutron momentum transfer, the spectra of 
PdH and NiH were isotropic and harmonic and almost coincide with 
the directionally averaged spectra of powder samples. In Ref. [47], 
the pieces of the RhH foil were only averaged with respect to the 
rolling direction, and the contributions to the ψ = 0° and ψ = 45° 
spectra from optical vibrations polarized along the <  100  >  axes 
were significantly different. In particular, the contribution from 
the <  100  >  vibrations to the ψ = 0° spectrum should be small, be-
cause the probability density P110(0°) of the <  110  >  orientations 
alone already exceeded P100(0°) of the <  100  >  orientations by a 
factor of 5. At the same time, the second and third bands in both 
ψ = 0° and ψ = 45° spectra were nearly identical, strongly anhar-
monic, and shifted towards higher energies compared to the calcu-
lated harmonic spectrum. This suggests that at the energies of the 
second and third optical bands, the potential well for H atoms in fcc- 
RhH is steeper than parabolic in most directions. 

Nevertheless, in order to have something to compare with, we 
calculated the vibrational heat capacities CV(T) (see Fig. 15c) in a 
harmonic approximation using Eq. (2) and the phonon density of 
states g(E) of fcc-RhH shown in Fig. 15b. Regarding other properties 
of fcc-RhH we can add that it is neither ferromagnetic, nor super-
conducting at temperatures down to 0.3 K [139] and that the ab-
sence of superconductivity agrees with the theoretical 
predictions [152]. 

5.8. Fcc-PdH [50] and fcc-PdD [51] 

Palladium hydrides are formed via an isomorphic γ1→γ2 transi-
tion (often called the α→β transition), which terminates in a critical 
point at Pcr ≈ 2 MPa; Tcr ≈ 565 K, and xcr ≈ 0.25 (see review paper  
[153]). At room temperature, the γ1→γ2 transition is accompanied by 
an abrupt increase in the hydrogen solubility in fcc Pd metal from 
x ≈ 0.01 to x ≈ 0.62 and occurs at a low hydrogen pressure of about 
70 Pa [153]. A further increase in pressure leads to a gradual increase 
in the hydrogen content of the γ2 phase up to x ≈ 1 at P ≈ 1.5 GPa  
[154]. Phase relations in the Pd-D system are similar; the line of the 
isomorphic γ1→γ2 transition ends in a critical point at Pcr ≈ 3.6 MPa; 
Tcr ≈ 549 K, and xcr ≈ 0.25 [153]. The thermal stability of palladium 
hydrides and deuterides synthesized at high pressures decreases 
with increasing concentration, and the samples with x ≈ 1 rapidly 
decompose when heated in vacuum to temperatures above ~220 K. 
Neutron diffraction has shown (see [155] and references therein) 
that H and D atoms fill only octahedral interstitial sites in, respec-
tively, palladium hydrides and deuterides at room and lower tem-
peratures. According to in situ neutron diffraction studies at 
temperatures of 582–583 K, a significant fraction of the D atoms (up 
to 1/3 at x = 0.6) in the deuterides additionally occupy tetrahedral 
interstices [155,156]. 

A single-phase powder sample of fcc-PdH0.99(3) prepared at 4 GPa 
and 573 K and weighing 5 g was studied by INS at 25 K in the range 
of energy transfers 30–800 meV on the time-focused crystal ana-
lyzer (TFXA) neutron spectrometer on the ISIS spallation neutron 
source, at the Rutherford Appleton Laboratory, UK. The parameter of 
the fcc lattice of the sample (a = 4.095 Å at 100 K, x-ray diffraction) 
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and its superconducting transition temperature (9.33 K, midpoint of 
the signal of disbalance of an ac bridge) well agreed with its stoi-
chiometric composition [153]. The obtained spectrum S(Q,E) of op-
tical vibrations in this sample is shown in Fig. 16a. 

The S(Q,E) spectrum of optical vibrations in the fcc-PdD sample 
shown in Fig. 16b was constructed in a less straightforward manner. 
We could not produce a sample of isotopically pure PdD because the 
aluminum trideuteride used in the high-pressure synthesis was 
contaminated with protium and had a ratio H/(D+H) of y = 0.029. The 
problem was solved by studying three different PdD1–yHy samples 
with y = 0.050, 0.072, and 0.091 [51]. The samples weighing 2 g each 
were synthesized at 5 GPa and 600 K in an atmosphere of gaseous 
deuterium/hydrogen mixtures produced inside the high-pressure 
cell by thermal decomposition of AlD3 and AlH3 powders mixed in 
the necessary proportions. The samples had virtually the same 
atomic ratio (D+H)/Pd = 1.00(3) and the same lattice parameter a 
= 4.087(4) Å at 100 K determined by x-ray diffraction. These samples 
were studied by INS under identical conditions at T = 5 K using the 
IN1-BeF spectrometer, and each obtained spectrum was written in 
the form S = ySH + (1–y)SPdD, where SPdD is the spectrum of the un-
disturbed PdD matrix and SH is the spectrum resulting from neutron 
scattering on the H atoms and also from changes in the scattering 

from the D atoms caused by their interactions with differently vi-
brating H atoms. Assuming that SPdD and SH are the same for all 
samples, each pair of equations gives a pair of the SPdD and SH 

spectra. Fig. 16b shows the SPdD spectrum derived from the optical S 
(Q,E) spectra of PdD1–yHy samples with the most different values of 
y = 0.050 and 0.091 because of their better statistical accuracy [51]. 

The low-energy acoustic parts of the S(Q,E) spectra of PdH and 
PdD shown in Figs. 16a and 16b are obtained from the experimental 
spectrum of an fcc-PdH sample, which was made of highly textured 
foil (see Section 6.1), hydrogenated at the same H2 pressure of 4 GPa 
and a temperature of 573 K as the fcc-PdH powder sample, and had 
the same lattice parameter and superconducting temperature. As 
seen from Figs. 16a and 16b, the calculated multiphonon contribu-
tions (thick solid curves) are small in the range of the first optical 
bands and satisfactorily describe the intensity distribution in the 
second and higher bands. The discrepancy between the calculated 
and experimental spectra suggests a certain anharmonicity of hy-
drogen vibrations in the second and higher bands. To characterize 
this anharmonicity numerically, note that the peak in the second 
optical band of fcc-PdH is positioned at 110 meV, which is lower by 
2 meV than the doubled energy of 56 meV of the peak in the first 
band (Fig. 16a). The peak in the second band of fcc-PdD is observed 

Fig. 15. (a) The “corrected” experimental spectrum S(Q,E) of a polycrystalline sample of fcc-RhH hydride (open red circles) and the MPNS contribution (solid green curve) 
calculated in an isotropic and harmonic approximation [47]. The S(Q,E) spectrum is composed of the acoustic part in the range of the neutron energy transfers E  <  35 meV 
calculated using DFT and of the optical part at E  >  55 meV measured at 5 K with the IN1-BeF spectrometer [47]. The vertical bars show the centers of the experimental optical 
peaks in the ψ = 45° spectrum. (b) The phonon density of states g(E) for fcc-RhH. The acoustic part of g(E) is calculated using DFT and the optical part is derived from the 
experimental INS spectrum. (c) Heat capacities CV(T) due to the lattice vibrations in fcc-RhH. 
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at 72 meV, which is 2 meV lower than twice the energy of 37 meV of 
the peak in the first band (Fig. 16b). 

The phonon densities of states g(E) for fcc-PdH and fcc-PdD 
shown in Fig. 16c are derived from experiment and their acoustic 
parts at E  <  30 meV and optical parts at higher energies are nor-
malized to 3 states each. The heat capacities CV(T) presented in  
Fig. 16d clearly demonstrate a dependence on the hydrogen isotope. 

The study of the low-concentrated solid protium solutions in 
stoichiometric palladium deuteride also disclosed a new feature of 
the effect of a light impurity on the vibrational spectrum of the host 
phase [51]. Along with the local defect mode detached from the 
optical band of the host atoms and shifted to higher energies, which 
was earlier observed in a few deuterides including PdD0.6 [157], this 
INS investigation revealed profound changes inside the optical D 
band due to covibrations of heavy D atoms and light H atoms. These 
covibrations form a band located above the main peak in the optical 
band of PdD. The vibrational states of D atoms in this new band are 
mostly borrowed from the main peak and considerably decrease its 
intensity. 

The observed changes inside the optical D band are caused by 
interactions of H atoms with the neighboring D atoms, so the 
strength of this interaction is nearly independent of the H con-
centration, when the concentration is low. Therefore, even in 

infinitely diluted H solutions in PdD, the magnitude of changes in-
duced by the H impurity inside the optical D band should remain 
comparable with the intensity of the defect, local modes of H vi-
brations. 

As noted in Ref. [51], strong changes inside the vibrational band 
of the host phase due to a light impurity should be intrinsic to many 
systems. The most likely reason why these changes were not dis-
covered in the H-doped PdD0.6 [157] was the broadening of the INS 
spectra due to the nonstoichiometric composition of the deuteride, 
which contained 40% vacancies in the D sublattice. Homogeneous 
samples of stoichiometric PdD and PdH can only be prepared at high 
hydrogen pressures. According to recent in situ x-ray diffraction 
studies in diamond anvil cells, the hydrogen content of fcc palladium 
hydride remained unchanged and close to x = 1 at pressures from 
~1–23 GPa at room temperature [151] and further at pressures up to 
100 GPa [158], even when laser heating was used [159]. 

5.9. Fcc-PdH0.63 

The upper boundary of the miscibility gap in the fcc solid solu-
tions PdHx is located at x ≈ 0.61–0.63 at room and lower tempera-
tures [153,160]. Due to the low formation pressure, single-phase 
samples of fcc-PdH0.63 are easy to prepare and also easy to handle 

Fig. 16. The open circles connected with a dashed line represent the “corrected” dynamical structure factors S(Q,E) of powder samples (a) of fcc-PdH measured at 25 K with the 
TFXA neutron spectrometer [50] and (b) of fcc-PdD measured at 5 K with the IN1-BeF spectrometer [51]. The acoustical parts of these spectra at E  <  30 meV are taken from a 
separate experiment using a textured PdH sample [50]. The solid curves show multiphonon contributions calculated in a harmonic isotropic approximation. The vertical bars 
indicate the experimental peak positions in the first and second optical bands. (c) The phonon density of states g(E) for fcc-PdH (solid red curve) and fcc-PdD (dashed blue curve) 
derived from the experimental INS spectra. (d) Heat capacities CV(T) due to the lattice vibrations in fcc-PdH (sold curves) and fcc-PdD (dashed curves). 
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because of the low decomposition rate under ambient conditions. 
Besides, the PdH0.63 phase enters two-phase mixtures γ1 + γ2 with 
the mean hydrogen content x  <  0.63 inside the concentration range 
of the miscibility gap. As a consequence, this phase often appears in 
experiments, and we decided that it would be useful to determine its 
phonon density of states and heat capacity based on INS measure-
ments. 

A sample of PdH0.63(3) weighing 1.2 g was made of 0.3 mm thick 
palladium plates hydrogenated in a Sieverts-type apparatus using 
high-purity hydrogen gas produced by thermal decomposition of 
TiH2. The composition of the sample was determined from the H2 

uptake. X-ray diffraction showed that the sample was single-phase 
and had an fcc metal lattice with a = 4.022(3) Å at 85 K in agreement 
with previous results [48]. The first band of optical H vibrations in 
this sample was studied at 5 K on the IN1-BeF neutron spectrometer. 
The measured S(Q,E) spectrum is shown in Fig. 17a by open red 
circles and combined with the low-energy spectrum of acoustic vi-
brations (solid red curve) calculated based on the force constants 
obtained from the Born-von Kármán model for PdD0.63 [161,162]. The 
resulting “corrected” INS spectrum was further used to calculate the 
multiphonon contribution to S(Q,E) (solid green curve in Fig. 17a), 
phonon density of states (Fig. 17b) and heat capacity (Fig. 17c). As 
noted in Section 3, the calculated value of the heat capacity 

C (298K)V
total of PdH0.63(3) at room temperature agrees with the ex-

perimental data available in the literature (see Fig. 4). 

6. Anisotropy and anharmonicity in the INS spectra of high- 
pressure hydrides of d-metals 

6.1. Anisotropy and anharmonicity of the second and higher optical 
bands in fcc-PdH [50] and fcc-NiH [95] 

INS studies have revealed an unusual "45°" anisotropy and an-
harmonicity of the second and third optical bands of stoichiometric 
hydrides of palladium [50] and nickel [95] by using polycrystalline 
samples with a strong texture (001)[100]. 

The initial foils of Pd and Ni were cold-rolled, annealed in va-
cuum at 1073–1273 K, and quenched in water. Studying their pole 
figures by the Schultz method showed [95] that in both the Ni and 
the Pd foil, the grain orientations (001) [100] were dominant, with 
the (001) plane parallel to the rolling plane and the [100] axis par-
allel to the rolling direction. The pole figures of the Pd foil were 
closer to the ideal ones, with the <  100  >  pole at a tilt angle of ϑ = 0° 
and four <  110  >  poles at ϑ = 45°, in the directions parallel and 
perpendicular to the rolling direction. The figures for the Ni foil 

Fig. 17. (results of this paper). (a) The “corrected” experimental spectrum S(Q,E) of a polycrystalline sample of fcc-PdH0.63 (open red circles) and the MPNS contribution (solid 
green curve) calculated in an isotropic and harmonic approximation. The S(Q,E) spectrum is composed of the acoustic part in the range of the neutron energy transfers E  <  30 meV 
calculated in the Born-von Kármán model using the force constants for PdD0.63 [161,162] and of the optical part at E  >  40 meV measured at 5 K with the IN1-BeF spectrometer. (b) 
The phonon density of states g(E) for fcc-PdH0.63. The acoustic part of g(E) is normalized to 3 states and the optical part to 3 × 0.63 = 1.89 states. (c) Heat capacities CV(T) resulting 
from g(E) presented in figure (b). 
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demonstrated a spread of about 15–25° in the grain orientations in 
the plane perpendicular to the rolling direction. 

The hydrogenation conditions of the Pd and Ni samples cut out of 
these foils and the results of the examination of the crystal struc-
tures and superconducting properties of the obtained fcc-PdH0.99(3) 

and NiH1.05(5) hydrides have been described, respectively, in Sections 
5.8 and 5.5. X-ray diffraction at 100 K showed that the hydrogenated 
plates of these samples had approximately the same texture as the 
starting metal foils [95]. The PdH sample was studied by INS at 25 K 
and neutron energy transfers from 2 to 800 meV using the TFXA 
spectrometer at ISIS, UK [50], and the NiH sample was measured at 
5 K and 26  <  E  <  380 meV with the IN1-BeF spectrometer at ILL, 
France [95]. Before the INS measurements, the plates of each sample 
were placed in a flat aluminum container and arranged in one layer, 
side by side, randomly with respect to their rolling direction. The 
samples were measured in two different orientations, at an angle of 
ψ = 0 and 45° between the direction of neutron momentum transfer 
Q and the normal to the sample plane, which coincided with the axis 
[100] of the sample texture. The obtained spectra S(Q,E) are shown in  
Fig. 18. 

Taking into account the random orientation of the rolling direc-
tions of the sample plates in the aluminum container, the spectrum 
measured at ψ = 0° corresponded to Q in the <  100  >  directions 
(from the H atom towards the nearest metal atoms in the PdH and 
NiH crystals), while ψ = 45° selected Q oriented along the <  110  > 

directions and close to the <  111  >  directions. A comparison with the 
spectra of multiphonon neutron scattering calculated in a harmonic 
approximation (solid curves in Fig. 18) shows that the ψ = 45° spectra 
of the textured PdH and NiH samples are almost harmonic and si-
milar to the INS spectra of, respectively, the powder PdH sample 
(Fig. 16a) and the NiH samples with a random orientation of crystal 
grains studied previously [84]. The first optical bands of the ψ = 0° 
spectra nearly coincide with the first optical bands in the corre-
sponding ψ = 45° spectra, whereas the second bands are significantly 
deformed and shifted to higher energies. The effects in the spectra of 
PdH and NiH are similar, but more clearly seen in the case of the PdH 
sample because of its sharper texture: the relative probability den-
sities for the orientations [100] and [110] at the experimental angles 
ψ = 0° and 45° are P100(0°)/P100(45°) = 110 and P110(45°)/P110(0°) = 12 
for PdH, while P100(0°)/P100(45°) = 26 and P110(45°)/P110(0°) = 2 for 
NiH [95]. 

At energy transfers E  >  250 meV, the ψ = 45° spectrum of PdH 
looks flat and featureless. In contrast, the ψ = 0° spectrum shows 
clear modulation and can roughly be approximated with equidistant 
Gaussians, as one can see from Fig. 19. The Gaussians representing 
the third, fourth, and fifth optical bands of PdH are located at about 
110 meV from each other, and the position of the center of gravity at 
143 meV for the second band also retains this periodicity. 

As demonstrated in Ref. [50], all the main features of the INS 
spectrum of PdH can be qualitatively explained based on the results 
of ab initio calculations performed in Ref. [163]. To illustrate these 
results, Fig. 20a shows several profiles of the potential energy U of 
the H atom plotted as a function of its displacement δ/a from the 
center of the octahedral interstitial site. The potentials in the <  111  
>  and <  110  >  directions initially lie close to each other and have a 
parabolic shape, while the potential in the <  001  >  directions is in-
itially close to those in the other directions, but then rises with a 
much steeper parabolic shape. Consequently, the low-energy levels 
in the <  001  >  directions should have the same separation as in the 
other directions, but at higher energies, the separation should be-
come large and uniform because of the steeper parabolic potential. 
Fitting a parabola to the outer parts of the potential in the <  001  > 
directions (blue curve in Fig. 20a) confirm a uniform experimental 
spacing of the order of 110 meV (see the inset in Fig. 19), which is 
approximately twice as large as the spacing 56 meV at low energies 
indicated by the first optical peak. 

Fig. 18. The INS spectra of fcc-PdH [50] (open red circles, upper scale, TFXA spec-
trometer, 25 K) and fcc-NiH [95] (solid blue circles, bottom scale, IN1-BeF spectro-
meter, 5 K) and the MPNS contributions to these spectra calculated in an isotropic 
harmonic approximation (solid curves). ψ is the angle between the vector Q of neu-
tron momentum transfer and the [100] axis of the sample texture. 

Fig. 19. The experimental INS spectrum of the textured sample of fcc-PdH measured 
at ψ = 0° with the TFXA spectrometer at 25 K (open red circles) [50] and the MPNS 
contribution to this spectrum calculated in an isotropic harmonic approximation 
(solid green curve). The inset shows the high-energy part of the spectrum on a large 
scale. The solid blue curve in the inset approximates the experimental spectrum as a 
sum of Gaussians with centers indicated by the vertical bars. 
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As noted in Ref. [50], the calculations [163] also predicted a 
threshold energy of about 250 meV between adjacent octa- and 
tetrahedral sites in the <  111  >  directions (see the red curve with a 
saddle point S111 in Fig. 20a). This suggests that the higher vibra-
tional states of H atoms in PdH should have somewhat delocalized 
wave functions in these directions, explaining the absence of higher 
energy levels in the ψ = 45° spectrum (Fig. 18a). 

Similar ab initio calculations for fcc-NiH [98] gave analogous re-
sults (see Fig. 20b), but the steepness of the potential wells increased 
compared to fcc-PdH [163]. According to [98], this change was 
mainly due to the smaller unit-cell volume of NiH (the authors used 
the theoretical equilibrium lattice constants a = 4.07 Å for PdH [163] 
and a = 3.65 Å for NiH [98] instead of experimental values of a = 
4.09 Å and a = 3.74 Å, respectively [93]). Due to the higher value of 
about 500 meV of the potential in the saddle point S111 separating 
the minima at the octa- and tetrahedral sites (see the red curve in  

Fig. 20b), the wave functions of the second and third vibrational 
states in NiH are less delocalized in the <  111  >  directions than in 
PdH, so that both the second and third optical bands of the INS 
spectrum of NiH are clearly seen (Fig. 18a). 

Note once again that the first (fundamental) optical hydrogen 
band in PdH and NiH is practically isotropic, and strong anharmo-
nicity is only observed in the second and higher bands for neutron 
momentum transfers Q directed close to one of the <  100  >  axes. For 
other directions of Q, the INS spectrum remains nearly harmonic. 
Presumably, the anharmonicity of optical vibrations exclusively in 
the directions from the H atom to the nearest metal atoms is char-
acteristic of monohydrides of all d-metals of groups VI–VIII (except 
for Rh), in which H atoms sit at the centers of octahedral interstices 
in the close-packed metal lattice of any type (fcc, hcp, or dhcp). In 
the powder INS spectra of these hydrides averaged over all or-
ientations of Q, the contribution from the anharmonic vibrations 

Fig. 20. The calculated profiles U(δ/a) of the potential energy in the <  001  >  , <  110  >  , and <  111  >  directions for an H atom (a) in fcc-PdH with a = 4.07 Å [163] and (b) in fcc-NiH 
with a = 3.65 Å [98]. The displacements δ/a are measured from the octahedral minimum labeled as O. T is the tetrahedral minimum; S111 and S110 are saddle points. 

Fig. 21. [67]. An ordered (a) and, for comparison, a disordered (b) models of the arrangement of hydrogen atoms in the octahedral (O) and tetrahedral (T) interstitial sites of the 
hcp metal lattice of TaH2. The Ta and H(octa) atoms are shown with large cyan and small red spheres, respectively; the tetrahedra show the T sites occupied by the H(tetra) atoms. 
In each model, shown in two projections, H atoms fill all the O-sites and one half of the T-sites. In the ordered P63mc model (a) which represents the experimentally determined 
crystal structure of TaH2.2, H(tetra) atoms fill only the T-sites with the lower z coordinate. The H(octa) and H(tetra) atoms are displaced from the centers of the corresponding 
interstices by − 0.12c and + 0.006c, respectively, along the z axis. In the disordered P63/mmc model (b), H(tetra) atoms are randomly distributed among all available T sites. (c) The 
“corrected” dynamical structure factor S(Q,E) of a powder hcp-TaH2.2 sample (open black circles connected with a black curve), and the estimated contributions from multiphonon 
neutron scattering on the H(octa) atoms (cyan curve), H(tetra) atoms (magenta curve) and the sum of these contributions (red curve). The S(Q,E) spectrum is composed of the 
acoustic part in the range of the neutron energy transfers E  <  25 meV calculated using DFT and of the optical part at E  >  60 meV measured at 10 K with the IN1-Lagrange 
spectrometer [67]. The vertical bars show the centers of the experimental peaks. 
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was small; therefore the spectra showed only small deviations from 
the isotropic harmonic behavior, at least in the energy range of the 
first, second and third optical bands. 

6.2. Anisotropy and anharmonicity of optical vibrations in hcp- 
TaH2.2 [67] 

The relative weakness of the effects of anisotropy and anhar-
monicity in the optical spectra of powdered monohydrides of d- 
metals of groups VI–VIII can be illustrated by comparison with the 
INS results for the dihydride of a group V metal – tantalum. This 
dihydride has recently been obtained under high hydrogen pressure  
[164] and demonstrates how strong the anisotropy and anharmo-
nicity of the optical H vibrations can be [67]. 

A single-phase powder sample of TaH2.2(1) weighing 325 mg was 
synthesized at 9 GPa and 373 K and studied at ILL by neutron dif-
fraction at 100 K using the D20 diffractometer and by inelastic 
neutron scattering at 10 K using a new high-luminosity IN1- 
Lagrange spectrometer [165], which replaced the IN1-BeF spectro-
meter. According to the neutron diffraction data, the sample had an 
hcp metal lattice (space group P63/mmc) with a = 3.223 Å, c = 5.143 Å, 
and c/a = 1.596, in which H atoms occupied all octahedral (O) in-
terstices and one half of tetrahedral (T) interstices that corresponds 
to the stoichiometric composition TaH2 (the statistical accuracy of 
the diffraction pattern was insufficient to determine the crystal-
lographic positions of the “overstoichiometric” hydrogen δ(H/Ta) 
= 0.2). In agreement with the theoretical predictions [166], the ar-
rangement of the H atoms over the T-sites was proven to be ordered, 
which lowered the symmetry of the full crystal structure of the di-
hydride to P63mc. Due to the resulting asymmetry in the local en-
vironment of the O-sites, the H(octa) atoms are significantly 
displaced by 0.12c ≈ 0.6 Å from the centers of the O-sites along the z 
axis in the direction opposite to the nearest neighboring H(tetra) 
atoms. The H(tetra) atoms are also displaced from the centers of the 
T-sites along the z axis away from the nearest H(octa) atoms, but the 
displacement is much smaller and only amounts to 0.006c ≈ 0.03 Å. 
The ordered structure P63mc of tantalum dihydride is schematically 
shown in Fig. 21a in comparison with the disordered structure P63/ 
mmc presented in Fig. 21b (hcp-MoH1.1 hydride is expected to have 
this P63/mmc structure with a 5% filling of the T-sites [46]). 

As seen from Fig. 21c, the optical vibrations of H atoms at both 
the T- and O-sites are highly anisotropic and anharmonic. As for the 
anisotropy, the potential wells at the O-sites are softer along the z 
axis than in the x, y plane, while the T-sites show opposite aniso-
tropy. Namely, the fundamental optical band of the H(octa) vibra-
tions is split into two peaks located at H(octa)|z = 80 meV and H 
(octa)|x,y = 166 meV, and the band of the H(tetra) vibrations consists 
of two peaks at H(tetra)|z = 178 meV and H(tetra)|x,y = 134 meV. The 
splitting of the band of the H(octa) vibrations along the z axis is so 
large that the peak of the second band (denoted as 2 ×H(octa)|z in  
Fig. 21c) appears at 154 meV, below the fundamental peak of the H 
(octa) vibrations in the x, y plane, which is located at H(octa)|x,y =  
166 meV. As for the anharmonicity, the peak of the second band of 
the H(octa) vibrations polarized along the z axis is observed at 
154 meV instead of 2 × 80 = 160 meV expected for the harmonic ex-
citations, and the peak of the third band is at 3 ×H(octa)|z = 224 meV 
instead of 3 × 80 = 240 meV. The calculated “harmonic” energies of 
other multiphonon processes of neutron scattering on the H(octa) 
and H(tetra) atoms are also overestimated. This suggests a trumpet- 
like shape of the potential well for both H(octa) and H(tetra) atoms. 
The effect is also called soft anharmonicity: the higher the energy of 
the excited state, the smaller the energy difference between the 
consecutive states. 

As noted in Ref. [67], the potential well for the H(octa) atom is 
mostly formed by the six nearest Ta atoms, and this environment has 
nearly cubic symmetry because the ratio of c/a = 1.596 of the hcp Ta 

lattice of tantalum dihydride is close to the “ideal” value of (c/a)id 

= 8/3 ≈ 1.633. Therefore, it is the interaction with the nearest H 
(tetra) atoms, which breaks the cubic symmetry of the potential well 
at the O-sites, pushes H(octa) atoms away from the geometrical 
center of the octahedral interstices and leads to the strong aniso-
tropy of the H(octa) vibrations. 

Mention also that in contrast to the “45°” anisotropy of the op-
tical spectra of fcc-PdH [50] and fcc-NiH [95] (the difference is 
maximal for the vibrations polarized along the < 001  > and < 110  > 
axes oriented at an angle of 45° to each other), the spectrum of hcp- 
TaH2.2 [67] shows a usual “90°” anisotropy (the spectra with Q par-
allel and perpendicular to the c-axis differ the most). 

Recent synchrotron x-ray diffraction studies of the Ta-H system 
in diamond anvil cells have revealed a formation of tantalum tri-
hydride TaH3 with a cI16-type structure of the metal lattice at room 
temperature and hydrogen pressures above 60 GPa [167]. 

7. Isotopic dependence of the frequency of optical vibrations in 
hydrides of palladium [51], nickel [32], and molybdenum [46] 

Interest in the anharmonicity and isotopic dependence of optical 
vibrations in palladium hydrides PdHx is mainly due to the unusual 
inverse isotope effect in the superconductivity of these hydrides. 
Namely, the temperature Tc ≈ 11.7 K of the superconducting transi-
tion in PdD proved to be higher than Tc ≈ 9.5 K in PdH [153,168,169]. 
The effect is called inverse because it contradicts the Bardeen- 
Cooper-Schrieffer (BCS) theory of phonon-mediated super-
conductivity in a harmonic approximation [170], which predicts that 
the superconducting critical temperature should be proportional to 
the phonon frequencies. Therefore, since the isotopic substitution of 
H by heavier D lowers the frequencies of all phonons, it should 
normally decrease the Tc of the hydride. 

In fact, most superconducting hydrides demonstrate the normal 
isotope effect in accordance with the theoretical predictions: bcc-SH 
(D)3 [171], fcc-LaH(D)10 [172], bcc-YH(D)6 [173,174], hcp-YH(D)9  

[174], hcp-CeH(D)9 [175], and many others. One hydride, cI16-Th4H 
(D)15 [176], shows a zero isotope effect. Three hydrides, fcc-PdH(D)  
[168], face centered orthorhombic TiH(D)0.71 [177], and hcp-MoH(D)  
[147]), exhibit the inverse isotope effect. 

Among the hydrides of the last group, fcc-PdH(D) has been stu-
died most extensively both theoretically and experimentally, but the 
origin of the inverse isotope effect has not been established with 
certainty. Theoretical considerations suggest (see, e.g., [178] and 
references therein) that the superconductivity in palladium hydrides 
arises mainly due to the interaction of electrons with optical vibra-
tions of hydrogen atoms; the inverse isotope effect originates from 
the strong anharmonicity of these vibrations; the anharmonicity 
manifests itself in a large deviation of the ratio EH/ED ≈ 1.5 of the 
fundamental frequencies of optical vibrations in PdH and PdD from 
the harmonic value m m/ 2D H ≈ 1.41, where mD and mH are the 
atomic masses of D and H. 

As for the experiment, the conclusion about the strong anhar-
monicity of optical vibrations in palladium hydrides was mostly 
based on the presence of a broad shoulder of the second optical peak 
in the INS spectrum of a dilute solid solution fcc-PdH0.014 [97]. In our 
opinion, the origin of this shoulder is rather mysterious and deserves 
further careful study. Similar shoulders were later observed for the 
second optical peaks in the INS spectra of powder samples of stoi-
chiometric fcc-PdH [50] and fcc-PdD [51] and were fairly well ex-
plained by the two-phonon neutron scattering, i.e., in the isotropic 
harmonic approximation (see Section 5.8, Figs. 16a and 16b). In 
agreement with theoretical predictions [163], an INS study of a 
highly textured sample of fcc-PdH revealed no anisotropy and al-
most no anharmonicity in the first band of its optical vibrations, 
which are supposed to couple to the electron system and enhance 
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the superconductivity of palladium hydrides [178,179] (see Section 
6.1). Since calculations of the effect of hydrogen on the super-
conductivity of metal hydrides include the summation over all po-
larizations of hydrogen optical vibrations, this practically excludes a 
significant contribution from the anharmonicity of vibrations in the 
first and second optical bands. 

Another unusual experimental finding of Ref. [97] was an 
anomalously large “anharmonic” ratio EH/ED = 1.49(1) of the energies 
of the first (fundamental) peaks of optical vibrations in dilute solid 
solutions PdH0.014 and PdD0.014 and in non-stoichiometric hydride 
PdH0.63 and deuteride PdD0.63. As shown in Fig. 22a, virtually the 
same ratio EH/ED = 1.51 was later obtained from a comparison of the 
INS spectra of powder samples of stoichiometric PdH [50] and PdD  
[51]. As seen from Fig. 22b, the shape and position of the funda-
mental peak in the spectrum of PdH0.63 measured in Ref. [97] are 
also in good agreement with the results of the present paper. 
Therefore, we considered the scaling factor EH/ED ≈ 1.5 to be reliably 
determined for the PdHx phases of any composition and calculated 
the phonon density of states (Fig. 22c) and heat capacity (Fig. 22d) of 
fcc-PdD0.63 using the experimental value of EH/ED = 1.49 from 
Ref. [97]. 

The scaling factor EH/ED was earlier experimentally determined 
for rather many binary metal hydrides with different crystal 

structures and different types of chemical bonds, and most hydrides 
were shown to have EH/ED <  2 . For example, this factor equals to 
1.34 for TaH(D) with H(D) atoms at the tetrahedral (T) interstices of 
the bcc metal lattice [66]; 1.35–1.37 for AlH(D)3 with H(D) atoms 
between two Al atoms in a distorted primitive simple cubic metal 
lattice [7]; 1.37 for YH(D)2 (T-sites in the fcc lattice) [36]; 1.37 for γ- 
ZrH(D) (T-sites in the face centered orthorhombic lattice) [39,180]; 
1.37–1.41 for NbH(D)0.85 (T-sites in the bcc lattice) [43]; 1.40 for LaH 
(D)3 (octahedral (O) and T-sites in the fcc lattice) [181]; 1.40 for UH 
(D)3 (T-sites in the A15-type metal lattice) [182]; 1.41 for LiH(D) (O- 
sites in the fcc lattice) [183]. The values of EH/ED <  2 are char-
acteristic of the hydrides with “soft” (trumpet-like) anharmonicity of 
the potential wells for H(D) atoms. Large EH/ED = 1.49  >  2 was 
observed for the second optical peak in the strongly anisotropic and 
anharmonic INS spectra of bcc-V2H(D) [184], in which H(D) atoms 
vibrate inside the O-sites with a double-well potential [18]. 

Among the studied hydrides, only palladium hydride combines 
the isotropy of the fundamental optical vibrations with the ratio EH/ 
ED ≈ 1.5 considerably exceeding 2 . Assuming that the atoms of H 
and D see the same potential, such a ratio suggests a well-like type of 
the potential well (the steepness of the potential increases with the 
distance δ/a from the center of the O-site). On the other hand, the 
ratios of the energies of the main peaks in the second and first 

Fig. 22. (a) The INS spectrum of fcc-PdD derived from the experimental spectra of powder samples PdD1–yHy measured at 5 K with the IN1-BeF spectrometer [51] (open blue 
circles connected with a solid blue line) and the experimental INS spectrum of a powder sample of fcc-PdH measured at 25 K with the TFXA neutron spectrometer [50] and 
compressed by a factor of r = 1.51 along the energy scale (solid orange line without circles). The vertical bars show the centers of the experimental peaks in the spectrum of PdD. 
The scaling factor r = 1.51 was chosen to reproduce the position at 37 meV of the maximum of the main optical peak in the spectrum of PdD. (b) The experimental INS spectrum of 
fcc-PdH0.63 copied from Fig. 17a (open red circles, results of this paper) and the spectra of fcc-PdH0.63 (dashed brown curve) and fcc-PdD0.63 (solid blue curve drawn through blue 
circles) recalculated from the experimental data of Ref. [97]. (c) The phonon density of states g(E) for fcc-PdD0.63 (solid blue curve) calculated from g(E) for fcc-PdH0.63 (Fig. 17b), 
whose optical part was rescaled using EH/ED = 1.49 in accordance with Ref. [97]. (d) Heat capacities CV(T) for fcc-PdD0.63 (solid curves) and fcc-PdH0.63 (dashed curves) resulting 
from the g(E)’s presented in figure (c). 
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optical bands in the INS spectra of PdH (110/56 = 1.964, see Fig. 16a) 
and PdD (72/37 = 1.946, see Fig. 16b) are both lower than a harmonic 
value of 2. This suggests a trumpet-like type of the potential well 
(with the steepness decreasing with increasing δ/a). This dis-
crepancy can only be eliminated under the assumption that H atoms 
in PdH and D atoms in PdD vibrate in slightly anharmonic, trumpet- 
like potential wells, but the Pd-H force constants in Pd-H are 
stronger than Pd-D constants in PdD. As was first conjectured in Ref.  
[185], the strengthening of the H-Pd interaction compared to the D- 
Pd interaction can be due to the larger amplitude of zero-point vi-
brations of the H atoms. Note that this mechanism of the increase in 
the EH/ED ratio should not necessarily lead to anharmonicity of the H 
optical vibrations. 

To find out what values of EH/ED are characteristic of mono-
hydrides of d-metals of VI–VIII groups, we measured an INS spec-
trum of fcc-NiD, a close chemical and structural analogue of fcc-PdD  
[32]. A 3 g sample of NiD was prepared at the Institute of Physical 
Chemistry PAS, Warsaw, by a reaction of powdered nickel metal of 
99.5 wt% purity and grain size of 3–7 µm with a D2 gas of 99.995 wt% 
purity compressed to 0.9 GPa at room temperature using the high- 
pressure apparatus described in Ref. [186]. The obtained fcc-NiD 
phase had a lattice parameter of a = 3.724(4) Å determined at 85 K by 
x-ray diffraction. 

The INS spectrum S(Q,E) of the NiD sample was measured at 10 K 
with the IN1-BeF spectrometer and shown in Fig. 23a together with 
the spectrum of NiH, which was previously measured at 10 K with 
the same neutron spectrometer [95] and compressed along the en-
ergy scale by a factor of r = 1.43. As one can see, the two spectra are 
very similar. Small differences in these spectra are due to impurity of 
less than 0.1 at% H in the NiD sample [32]. Namely, the hump at 
energies of 86–106 meV originates from the H local modes and a 
parasitic peak at approx. 72 meV (superimposed onto the high-en-
ergy shoulder of the main optical peak of NiD) is likely to result from 
the band of covibrations of the H and D atoms (such a band located 
at energies right above the main optical peak was observed in hy-
drogen-doped PdD samples [51]). 

In view of the contamination of the S(Q,E) spectrum of NiD with 
scattering intensity from the H impurity, the optical part g E( )NiD

optic of 
the total density gNiD(E) of phonon states for NiD was calculated 
from g E( )NiH

optic assuming that =g E r g E r( ) ( )NiD
optic

NiH
optic and using 

r = 1.43. The acoustic part g E( )NiD
acoustic was calculated similarly using 

=r m m/ 1.008.NiD NiH The obtained gNiD(E) shown in Fig. 23b was 
further used to calculate the heat capacities for NiD shown in  
Fig. 23c. 

The experimental gNiH(E) and “rescaled” gNiD(E) were also used to 
calculate the difference between the decomposition pressures of NiH 

Fig. 23. (a) The INS spectrum of a powder sample of fcc-NiD (open blue circles) [32] and the “45°” spectrum of the textured polycrystalline sample of fcc-NiH [95] compressed by a 
factor of 1.43 along the energy scale (solid red curve). The spectra were measured with the IN1-BeF spectrometer at T = 5 K and 10 K, respectively. The scaling factor 1.43 was 
chosen to reproduce the position at 62 meV of the maximum of the main optical peak in the spectrum of NiD. The vertical bars show the centers of the experimental optical peaks 
in the spectrum of NiD. (b) The phonon density of states g(E) for fcc-NiD (solid blue curve) calculated from g(E) for fcc-NiH (dashed red curve; copied from Fig. 13b). (c) Heat 
capacities CV(T) for fcc-NiD (solid curves) and fcc-NiH (dashed curves) resulting from the g(E)’s presented in figure (b). (d) Temperature dependences of the decomposition 
pressures of γ2 phases in the Ni–H and Ni–D systems [32]. The experimental dependences are shown by symbols fitted with thin solid curves, which are red for γ2-NiHx and blue 
for γ2-NiDx. The thick magenta and black curves show the dependences for the γ2-NiH phase calculated from the experimental dependence for the γ2-NiD phase using the scaling 
factors r = 1.51 and 1.43, respectively. 
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and NiD (the decomposition pressure of a hydride is usually much 
closer to the equilibrium value than the formation pressure [187]). 
As seen from Fig. 23d, the calculation using r = 1.43 well reproduced 
the experimental dependence of this difference in a rather wide 
temperature interval of ±  100 K around room temperature, where 
the compositions of nickel hydride and deuteride are close to NiH 
and NiD. Using r = 1.51 characteristic of the Pd-H/D system resulted 
in the dependence inconsistent with experiment. 

We can therefore conclude that the anomalously high value of 
EH/ED ≈ 1.5 for the PdHx and PdDx phases distinguishes the Pd-H/D 
system from most other Me-H/D systems including its closest ana-
logue, the Ni-H/D system. It was reasonable to expect that the 
unusual EH/ED ratio and the unusual inverse isotope effect in the 
superconductivity of the Pd-H/D system are interrelated. To learn 
whether a large EH/ED ratio is a prerequisite for the inverse isotope 
effect in metal hydrides, we studied INS spectra of molybdenum 
hydride and deuteride [46]. These hydride and deuteride are su-
perconductors with Tc = 0.92 K and 1.11 K, respectively [147]. As-
suming the ratio of the superconducting temperatures of deuteride 
and hydride as a measure of the magnitude of the isotope effect, this 
gives similar values of 1.11/0.92 ≈ 1.21 for MoD1.26 and MoH1.27 [147] 
and 11.7/9.5 ≈ 1.23 for PdD and PdH [153,168,169]. 

Single-phase powder samples MoH1.1(1) weighing 1114 mg and 
MoD1.07(3) weighing 99 mg were made of high-purity single-crystal 
molybdenum foil 0.2 mm thick with the electrical resistance ratio 
R300 K/R4.2 K ≈ 1000, which was loaded, respectively, with hydrogen at 
5 GPa, 350 °C and with deuterium at 7.4 GPa, 300 °C. Figs. 24a and  
24b show the INS spectra of these samples measured at 10 K with 
the IN1-Lagrange neutron spectrometer at ILL [46]. 

The INS spectrum of the powder MoH1.1 sample (Fig. 24a) well 
agrees with the spectrum of polycrystalline MoH1.1 studied earlier  

[96] with the IN1-BeF spectrometer (Fig. 14a). This coincidence ex-
cludes the presence of significant distortions in the spectrum of the 
polycrystalline sample (Fig. 14a) due to its texture. The new powder 
MoH1.1 sample was measured with the same experimental setup as 
the MoD1.07 sample that allows a direct comparison of their INS 
spectra. 

The MoD1.07 sample was noticeably contaminated with protium 
released from the isotopically impure AlD3 compound used as an 
internal deuterium source in the high-pressure cell. The protium 
concentration in the studied sample of molybdenum deuteride could 
roughly be estimated as H/(D+H) = 0.07, based on the intensity of the 
peak at 114 meV of the local (defect) mode of hydrogen vibrations in 
the INS spectrum (Fig. 24b, open red circles). Other features of the 
INS spectrum of this sample can be fairly well reproduced by the 
spectrum of MoH1.1 compressed along the energy scale by a factor of 
r = 1.44 (solid black curve in Fig. 24b). These include the main peak at 
79 meV in the first optical band and also the peak at 160 meV with 
the shoulder at 181 meV in the second optical band. 

As in the case of NiD with the INS spectrum contaminated with 
scattering intensity from the H impurity (Fig. 23a), the optical part 
g E( )MoD

optic
1.1

of the total density g E( )MoD1.1
of phonon states for MoD1.1 

was calculated from g E( )MoH
optic

1.1
assuming that 

=g E r g E r( ) ( )MoD
optic

MoH
optic

1.1 1.1
and using r = 1.44. The acoustic part 

g E( )MoD
acoustic

1.1
of g E( )MoD1.1

was calculated in the same way using 

=r m m/ 1.006.MoD MoH1.1 1.1 The resulting spectrum g E( )MoD1.1
is 

shown in Fig. 24c. The spectra g E( )MoD
optic

1.1
, g E( )MoD

acoustic
1.1

, 

and = +g E g E g E( ) ( ) ( )MoD MoD
optic

MoD
acoustic

1.1 1.1 1.1
were further used to calcu-

late the heat capacities C T( )V
optic , C T( )V

acoustic , and C T( )V
total for MoD1.1 

depicted in Fig. 24d. 

Fig. 24. The INS spectra of powder samples of (a) hcp-MoH1.1 (black circles) and (b) hcp-MoD1.07 (red circles) [46]. Both spectra are measured at 10 K with the IN1-Lagrange 
neutron spectrometer. The solid black curve in figure (b) shows the spectrum of hcp-MoH1.1 compressed along the energy scale by a factor of 1.44 in order to reproduce the 
position at 79 meV of the maximum of the main optical peak in the spectrum of MoD1.07. The vertical bars show the centers of the experimental optical peaks. (c) The phonon 
density of states g(E) for hcp-MoD1.1 (solid blue curve) calculated from g(E) for hcp-MoH1.1 (dashed red curve; copied from Fig. 14b). (d) Heat capacities CV(T) for hcp-MoD1.1 (solid 
curves) and hcp-MoH1.1 (dashed curves) resulting from the g(E)’s presented in figure (c). 
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The energy interval and the distribution of the scattering in-
tensity in the second and third optical bands in MoH1.1 are well re-
produced by the spectrum of multiphonon neutron scattering (see  
Fig. 14a), i.e., in a harmonic approximation. The energy ratio of the 
peaks in the second and first optical bands of MoD1.07 is also close to 
a harmonic value of 2 (see Fig. 24b). Finally, the INS spectrum of 
optical vibrations in MoD1.07 is well fitted by the spectrum of MoH1.1 

compressed by the energy scale by a factor of r = 1.44 close to a 
harmonic value of 2 (Fig. 24b). Taken together, these findings 
suggest that the H atoms in MoH1.1 and the D atoms in MoD1.07 vi-
brate in very similar and almost parabolic potential wells. Such a 
result is rather unexpected because it precludes from any simple 
explanation of the inverse isotope effect in the superconductivity of 
molybdenum hydride. The currently available ab-initio calculations  
[188] also failed to determine the correct sign of the isotope effect 
for hcp-MoH(D). 

In any case, the INS studies of molybdenum hydride and deu-
teride have unambiguously shown that neither strong anharmoni-
city of optical vibrations, nor the anomalously large ratio of EH/ED 

≈ 1.5 is necessary for the presence of the inverse isotope effect in 
superconductivity of metal hydrides. The reasons for the inverse 
isotope effect in both molybdenum and palladium hydride remain a 
mystery to be solved. 

8. Concluding remarks 

This review paper mainly considers the results of INS studies of 
high-pressure monohydrides of d-metals of VI–VIII groups, which 
proved to be the most informative and amenable to unambiguous 
interpretation due to the simple crystal structures and almost har-
monic behavior of optical hydrogen vibrations. Meanwhile, applying 
inelastic neutron scattering to the investigation of much more 
complicated vibrational spectra of higher hydrides and hydrides of 
the alloys and multi-component intermetallic compounds can be 
very valuable. First, this concerns hydrides that are promising in 
applications as hydrogen storage materials. A comprehensive over-
view of INS studies carried out on the various hydrides of such type 
can be found in Ref. [189]. The available INS data obtained for a 
variety of ternary metal hydrides and related to their hydrogen 
storage properties are reviewed in Ref. [190]. The review paper [191] 
considers representative studies in the light-weight hydrogen sto-
rage materials characterized by neutron scattering techniques in-
cluding INS. Several experimental studies have been devoted to the 
INS studies of hydrogen storage materials with high H storage ca-
pacities formed by light metals, such as Mg2NiH4 [192] and metal 
alanates LiAlH4 and Ca(AlH4)2 [193]. 

Around 20 years ago [194], neutron diffraction studies revealed 
the presence of Ni–D∙∙∙D–Ni–D∙∙∙D–Ni chains containing anomalously 
close D∙∙∙D contacts of ≈ 1.56–1.63 Å which were found in the deut-
erated RNiIn compounds (R = Ce, La, Nd). A recent INS investigation 
of quaternary hydrides LaNiInH1.6 and CeNiInH1.4 showed that these 
close H···H contacts are indeed present and manifest themselves 
with a specific double-peak feature clearly visible in the INS spectra 
and originating from the H-Ni-H bending and H-Ni-H rocking vi-
brations when Ni-H bond distances are very short, around 1.5 Å  
[195]. This demonstrates that neutron spectroscopy can become one 
of the effective means of characterization of the hydrides that violate 
the so-called “blocking rule” postulating a minimum distance of 
about 2 Å between individual H atoms in the metal lattice [112], 
which causes the limitations of the maximum volumetric hydrogen 
capacity of a particular material. 

Many interesting materials providing valuable INS studies data 
are among the hydrides of metal alloys, too. As an example, under a 
hydrogen pressure of a few GPa and elevated temperature, 

disordered fcc alloys PdCu and PdAg undergo atomic ordering and 
form nearly stoichiometric hydrides PdCuH0.9 and PdAgH0.9 with 
primitive tetragonal unit cells composed of alternate layers of, re-
spectively, Pd and Cu atoms [196] and Pd and Ag atoms [197] with 
hydrogen atoms occupying the Pd layers only. An INS study of these 
hydrides showed [196] that their fundamental optical bands are split 
into two peaks corresponding to the H vibrations polarized parallel 
and perpendicular to the Pd planes. This made it possible to isolate 
the contributions from the Pd-H, Cu-H, and Ag-H interactions and to 
roughly estimate the energies of 93 and 116 meV of local H vibra-
tions, respectively, in dilute the Cu-H and Ag-H solid solutions. 

Inelastic neutron scattering has also been proven to be an ef-
fective tool for studying high-pressure hydrocarbons. In particular, 
applying high hydrogen pressure increases the hydrogen content of 
hydrofullerites C60Hx from x ≈ 24 at P = 0.6 GPa to x ≈ 60 at P = 5 GPa 
when saturated by hydrogen bucky balls containing only singular C- 
C bonds are formed [198]. An INS investigation of a single-phase 
sample of bcc C60H27 loaded with hydrogen at 0.6 GPa and 623 K and 
quenched to the liquid N2 temperature showed that it consists of 
C60Hx molecules with x ≈ 24 and interstitially accommodated mole-
cular hydrogen [199]. The interstitial hydrogen amounted to about 
1.4 H2 molecules per one C60 unit (H2/C ≈ 0.023) and evolved from 
the sample when heated to room temperature, while the C60H24 

molecules appeared to be stable at such conditions. An INS in-
vestigation of a sample of the hydrogenated single-wall carbon na-
notubes, which was synthesized at 3 GPa and 620 K and had the 
composition CH0.66, also showed the presence of a similar amount of 
molecular hydrogen (H2/C ≈ 0.03) along with the H atoms covalently 
bound to the carbon atoms [200]. Heating the sample to 623 K in 
vacuum removes all molecular hydrogen, while the release of the 
covalently bound hydrogen starts at approx. 740 K and continues up 
to 900 K. 

One novel hydrocarbon synthesized at high pressures is a mul-
tilayer graphane (hydrographite) which shows a high saturation 
with hydrogen and a composition close to CH [201]. It is formed 
from graphite and gaseous hydrogen at pressures above 2 GPa and 
temperatures from 720 to 970 K; its crystal structure belongs to the 
space group P63mc and consists of one-layer sheets of graphane in 
the chair conformation stacked along the hexagonal c axis in the 
–ABAB– sequence. Hydrographite is thermally stable under ambient 
conditions and decomposes into graphite and molecular H2 when 
heated in vacuum above 770 K. An attempt to study the lattice dy-
namics of hydrographite by infrared spectroscopy failed [201] be-
cause the penetration depth of the light is small and the light 
scattering by various defect states at the sample surface was ob-
served instead of the light absorption by the regular crystal structure 
of the bulk sample. Hydrographite has never been studied by neu-
tron scattering methods and it could be in focus of the future studies 
by neutron spectroscopy. 

Low-concentration solid solutions of hydrogen in metals with fcc 
and hcp crystal structures are also promising materials for the future 
INS studies. An INS investigation of a powder and a single-crystalline 
samples of ReH0.09 hydrogenated at 6 GPa and 598 K showed that 
their fundamental optical band was split into two sharp peaks 
centered at 100 and 130 meV, which corresponded to the vibrations 
polarized along the c axis and in the basal plane of the crystal lattice, 
respectively [68]. While the occurrence of the splitting agrees with 
the crystal symmetry of the Re–H solid solutions, the large magni-
tude of the effect is difficult to explain. In fact, according to the 
neutron diffraction study, hydrogen atoms randomly occupy octa-
hedral interstices in the hcp metal lattice of ReH0.09, and are not 
shifted from the centers of these interstices, which show nearly 
cubic symmetry [68]. In addition to the unknown reason for the 
band splitting, there seemed to be no chances that this band would 
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transform into a single narrow peak of independent local vibrations 
of H atoms when the hydrogen concentration of the solid solution 
tends to zero. 

In the case of the palladium-hydrogen system, the suggested 
small width and the absence of a shoulder of the main peak in the 
optical spectra of dilute solid solutions PdH0.014 and PdD0.014 studied 
by INS in Ref. [97] also raise questions because of the insufficient 
energy resolution of the experimental spectra and the presence of a 
broad and intense shoulder of the peak in the second optical band of 
the PdH0.014 sample. The INS spectra of low-concentration Pd-H 
solutions cannot be interpreted with certainty due to a rapid de-
crease in the hydrogen solubility for the primary solid solutions with 
decreasing temperature causing a possible clustering of hydrogen. 
Solid solutions of hydrogen in Re, Ru, and Co, which are formed at 
high hydrogen pressures (see [93] and references therein), are ap-
parently devoid of this drawback and a careful study of the evolution 
of their INS spectra with decreasing hydrogen concentration can 
show whether the optical band shrinks to a narrow peak as the 
concentration tends to zero. 

With the discovery of high-temperature superconductivity in 
hydrides with unusually high hydrogen content, such as H3S [171] 
and LaH10 [172], considerable efforts were undertaken to synthesize 
new hydrogen-rich materials and study their properties. Fortunately, 
some of the recently discovered hydrogen-rich materials, such as 
RhH2 [149], Zr4H15 [202], and U4H15 [202,203] can be recovered to 
ambient pressure, paving the way to produce massive samples for 
the neutron scattering studies. Particularly promising are the cae-
sium-hydrogen and rubidium-hydrogen systems, in which hydrides 
with composition up to CsH9 [204] and RbH9 [205] are predicted to 
be formed at pressures below 10 GPa. 

To conclude, Inelastic Neutron Scattering investigations of hy-
drogen storage materials, particularly those hydrogenated at high 
pressures and studied by combining INS and neutron diffraction 
characterisation, provide a vast resource of the valuable data on 
structure and dynamics of the metal-hydrogen interactions and 
demonstrates a great potential of reaching new and interesting re-
sults of the fundamental studies of the structure-properties re-
lationship in the metal-hydrogen systems assisting in a search for 
the materials with good prospects of their applications as efficient 
hydrogen storage materials and in hydrogen energy systems. 
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