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Summary 
The main topic of this thesis is improved understanding of site preference and mutual 

interactions of deuterium (D) atoms in selected metallic metal deuterides. The work was 

partly motivated by reports of abnormally short D-D distances in RENiInD1.33 compounds 

(RE = rear-earth element; D-D ≈ 1.6 Å) which show that the so-called Switendick criterion 

that demands a D-D separation of at least 2 Å, is not a universal rule. 

The work is experimental and heavily based on scattering measurements using x-rays (lab 

and synchrotron) and neutrons. In order to enhance data quality, deuterium is almost 

exclusively used instead of natural hydrogen in sample preparations. The data-analyses are 

in some cases taken beyond “conventional” analysis of the Bragg scattering, as the diffuse 

scattering contains important information on D-D distances in disordered deuterides (Paper 

3 and 4). 

A considerable part of this work is devoted to determination of the crystal structure of 

saturated Zr2Ni deuteride, Zr2NiD~4.8. The structure remained unsolved when only a few 

months remained of the scholarship. The route to the correct structure was found in the last 

moment. In Chapter II this winding road towards the structure determination is described; 

an interesting exercise in how to cope with triclinic superstructures of metal hydrides. The 

solution emerged by combining data from synchrotron radiation powder x-ray diffraction 

(SR-PXD), powder neutron diffraction (PND) and electron diffraction (ED). The triclinic 

crystal structure, described in space group P 1  , is fully ordered with composition Zr4Ni2D9 

(Zr2NiD4.5). The unit cell is doubled as compared to lower Zr2Ni deuterides due to a 

deuterium superstructure: asuper = a, bsuper = b – c, csuper = b + c. The deviation from higher 

symmetry is very small. The metal lattice is pseudo-I-centred tetragonal and the deuterium 

lattice is pseudo-C-centred monoclinic. 

The deuterium site preference in Zr2Ni deuterides at 1 bar D2 and elevated temperatures 

(373-573 K) is presented in Paper 1. Deuterium atoms occupy chiefly three types of 

tetrahedral interstitial sites; two coordinated by 4 Zr atoms and one coordinated by 3 Zr and 

1 Ni atoms. The site preference is predominantly ruled by sample composition and less by 

temperature. On the other hand, the spatial deuterium distribution among the preferred sites 

is strongly temperature dependant as the long-range correlations break down on heating. 

The sample is fully decomposed into tetragonal ZrD2 and Zr7Ni10 at 873 K. 
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Th2AlD4 was the only metal deuteride with reported D-D separation substantially below 2 Å 

(1.79 Å) prior to the discovery of RENiInD1.33. However, as being the first ternary deuteride 

ever studied by PND, the original structure solution was based on very low-resolution data. 

The present reinvestigation (Paper 2) shows that the site preference was correctly 

determined, but the deuterium atoms are slightly shifted compared to the earlier report, now 

yielding acceptable interatomic separations. Solely Th4 tetrahedra are occupied in various 

Th2Al deuterides. Th8Al4D11 (Th2AlD2.75) takes a superstructure with tripled c-axis due to 

deuterium ordering. Th2AlD2.3 is disordered and the average distance between partly 

occupied sites appears as just 1.55 Å in Rietveld refinements. However, short-range order is 

expected to prevent D-D distances under 2 Å. 

Paper 3 present the first Reverse Monte Carlo (RMC) study of a metal deuteride. RMC is 

used in combination with total neutron scattering to model short-range deuterium 

correlations in disordered α-VD0.77. A practically complete blocking of interstitial sites 

closer than 2 Å from any occupied deuterium site is observed. The short-range correlations 

resemble those of the fully ordered low temperature phase γ-VD0.75 at length scales up to 

about 3 Å, i.e. for the first two coordination spheres. 

Paper 4 concerns RMC modelling of short-range deuterium correlations in ZrCr2D4 at 

ambient and low temperatures. The Switendick criterion is always fulfilled. The local 

deuterium arrangement in the disordered cubic phase at 298 K resemble that of the ordered 

monoclinic low-temperature phase at 150 K for length scales up to 4 Å or three coordination 

spheres. The nearest and next-nearest deuterium neighbours are statically displaced from 

their average positions to adapt interatomic distances in better agreement with those in the 

ordered structure. There are no significant differences in the short-range order around the 

onset temperature for ordering (252 K and 248 K) as compared to that observed at 298 K. 
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I Introduction 

I.1 Motivation 
Our modern world depends heavily on petroleum. Sooner rather than later, we will be 

forced to break free from this dependency. The reasons are obvious: Firstly, the earth’s oil 

and gas resources are limited and will be depleted in the course of a few generations. 

Secondly, with the increasing demand of personal comfort and convenience in the Western 

world as well as populous countries like India and China, it is clear that the environment 

will suffer heavily unless cleaner forms of energy are introduced. In other words, there is a 

need for a renewable and non-polluting alternative to petroleum [1]. 

Hydrogen is in many respects an ideal fuel. It is an energy carrier rather than an energy 

source since it is not available in free state in nature, but it can be produced without 

pollution from any primary energy source like wind-, hydro- or solar power. Hydrogen can 

be converted with high efficiency to electrical energy in a fuel cell [2]. 

The major difficulty with hydrogen as an energy carrier, is the fact that it is a gas with low 

boiling point and therefore difficult to store efficiently. This is especially problematic if 

hydrogen is to be used to power vehicles where strong demands will be put on the weight 

and volume of the storage system. Three options stick out: Hydrogen may be stored as 

compressed gas. The technology is simple and mature and fairly good gravimetric hydrogen 

density is achievable [3]. Unfortunately, the systems are bulky, the compression itself is 

energy consuming and questions can be raised about the security aspects. By cooling 

hydrogen below 20 K it condenses to the much denser liquid form [4]. However, energy 

corresponding to about 30% of the stored energy is used for the condensation [5]. In 

addition, it is a great technical challenge to keep the hydrogen in liquid form over time and 

safety is again certainly an issue. 

The third alternative is to store hydrogen chemically bonded in solids. Many metals and 

alloys can absorb large amounts of hydrogen gas to form compounds known as metal 

hydrides. The absorption is exothermal and reversible, thus hydrogen gas can be released by 

heating the metal hydride. Metal hydrides are described in more detail in Section I.2. The 

great advantage with this type of storage is that a very high volumetric hydrogen density, 

actually higher than in liquid hydrogen, is achievable at ambient temperature and pressure. 

The gravimetric density, however, is rather poor. Hence, an important challenge is to find 
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metal hydrides with high gravimetric hydrogen content in addition to (among other things) 

suitable kinetics and thermodynamics (Section I.2.2). A good understanding of the 

relationship between the structure and the properties of these materials is necessary in order 

to succeed. The subject of this thesis is the structure at atomic level in selected metal 

deuterides. The relevance for hydrogen storage will become clear in Sections I.2.2 and 

I.2.3.2. 

There is a lot of competence on structural characterization of crystalline materials, both 

powders and single crystals, in various Norwegian research groups. The focus is on 

determining the time- and space average structure based on Bragg scattering (Section 

I.3.2.1). However, numerous crystalline materials, including many metal hydrides, exhibit 

substantial deviation from the average structure on a local level. An important goal of this 

work has been to gain experience with characterization of such deviations using the so-

called Reverse Monte Carlo technique in conjunction with diffuse neutron scattering 

(Section I.4.2). Such experience may be benefited by a wide range of material scientists in 

Norway. 

I.2 The chemistry of metal hydrides 
Metal hydrides are compounds in which there is chemical bonding between hydrogen and a 

metallic element [6]. All metals can form metal hydrides, but their properties vary greatly 

across the periodic table [7]. The alkali- and alkali earth metals (except Be) as well as Eu 

and Yb form ionic metal hydrides. In addition, the trihydrides, MH3, of Y and many rear-

earth metals are ionic [8]. Hydrogen is present as H- anions coordinated by metal cations. 

Ionic metal hydrides are formed in direct reaction between the metal and hydrogen gas. 

The remaining main group metals and most of the later transition elements form metal 

hydrides with predominantly covalent metal-hydrogen bonds. Covalent metal hydrides are 

found in a variety of states ranging from gasses (e.g. AgH) and liquids (e.g. Si4H10) to solid 

polymers (e.g. (AlH3)x) and 3-dimensional network structures (e.g. CuH). These compounds 

are usually not formed in direct reaction between the metal and hydrogen, but rather by wet-

chemical techniques. Some are very unstable. 

The mono- and dihydrides, MH and MH2, of early transition metals and most of the rear-

earth elements are metallic compounds where hydrogen behaves as a metallic alloying 

element. The hydrogen 1s electron is donated to the valence band and delocalised. Metallic 

metal hydrides are often non-stoichiometric.  
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I.2.1 Formation of metallic metal hydrides 
Metallic metal hydrides are formed by the exothermal reaction 

x(s)2(g)(s) MHH
2
xM ↔+  (I.1) 

The absorption process can be visualized by a curve showing the equilibrium pressure as a 

function of the amount of absorbed hydrogen at a constant temperature; a PCT (Pressure-

Composition-Temperature) curve. A characteristic example, the PCT curve for hydrogen 

absorption in palladium, is shown in Fig. I.1. The first region (I) corresponds to solid 

solution of hydrogen in the metal (named α-PdHx) without formation of a new phase. When 

the solubility limit of the metal is reach (stippled line between region I and II), further 

hydrogen absorption results in the formation of a new phase; the metal hydride phase 

β-PdH0.5. The equilibrium pressure is constant during the hydride phase formation as given 

by Gibb’s phase rule (two components, three phases and constant temperature render zero 

degrees of freedom). The flat 2-phase region (II) of the PCT curve is called a plateau and 

the corresponding pressure is called the plateau pressure for the given temperature. When 

all the α-phase is transformed to β-phase, an increase in hydrogen pressure will result in 

increased hydrogen content in the β-phase (region III). 
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Fig. I.1 PCT curve for hydrogen absorption in palladium at 433 K. 
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A metal hydride’s enthalpy and entropy of formation can be found from the temperature 

dependence of the plateau pressure by the van’t Hoff equation (Eq. I.2 and Fig. I.2):  

R
S

RT
H

p ffplateau ∆
−

∆
=ln  (I.2) 

 

   

 
 

Fig. I.2 van't Hoff plot (left) based on the temperature dependence of the plateau pressure in PCT 
curves (right). Enthalpy of formation is found from the slop of the van’t Hoff plot and the entropy of 
formation is found by extrapolation to 1/T = 0. 

I.2.2 Metal hydrides for hydrogen storage 
A metal hydride must meet several criterions to be useable for hydrogen storage. It must 

have high gravimetric content of hydrogen that may be reversibly absorbed and desorbed at 

viable conditions. Fast kinetics, good cycling stability, good resistance to surface 

passivation and affordable components are also required. 

The criteria are often conflicting. Magnesium hydride (MgH2), for instance, has excellent 

hydrogen content (7.6 wt%) but it must be heated to about 300oC to deliver 1 bar of 

hydrogen gas [3] and is hence too stable for most practical use. Actually, the 

thermodynamics are unfavourable for all binary metal hydrides. They are either too stable 

(e.g. Ti and Zr hydride) or too unstable (e.g. V hydride). Many intermetallics form metal 

hydrides with the desirable thermodynamic properties, but they all suffer from rather low 

gravimetric hydrogen content. Two possible strategies can be followed to increase the 

∆Hf/R 

H content

ln p 

1/T

ln p

T1

T2 

T3 
- ∆Sf/R
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hydrogen content: Either to use lighter metals or to increase the hydrogen-to-metal (H/M) 

ratio. The first strategy has been heavily pursued after the discovery of reversible hydrogen 

desorption from doped aluminium-based complex hydrides [9] (see [10] for a review). The 

second strategy is less in focus, although the H/M ratio in intermetallic metal hydrides is 

generally less than 2 while binary metal hydrides can have H/M equal 3 or even more 

(Th4H15 has the highest known H/M ratio of 3.75). Hence, there may be a considerable 

potential for improvement. 

I.2.3 Intermetallic metal hydride 

I.2.3.1 Crystal structure of intermetallics 
The crystal structures of metallic compounds are influenced by three geometrical principles 

[11]. The space principle states that the atoms strive to pack densely i.e. fill space in an 

effective way. According to the symmetry principle, crystal structures with high symmetry 

are favoured over low symmetry ones. The connection principle states that if lines are 

drawn from every atom to its closest neighbours, a network of high dimensionality, most 

likely 3-dimensional, should result. 

The metallic elements follow these guidelines well. 44 out of 70 metals with known crystal 

structure form close-packed structures at ambient condition [12]. Close-packed structures 

are clearly favourable both to the space- and connection principle as the atoms are packed in 

the densest possible way and every atom is 12-coordinated. Furthermore, 37 of the 44 close-

paced elements adapt the highly symmetrical cubic close packing (ccp) or hexagonal close 

packing (hcp) in agreement with the symmetry principle. 

Intermetallic compounds have a much wider range of crystal structures than the pure metals. 

Yet they follow the three geometrical principles rather well. The majority have cubic or 

hexagonal symmetry. Tetragonal, trigonal and orthorhombic structures are less common and 

lower symmetries are only occasionally encountered [13]. 

The voids in intermetallics are most often coordinated by four atoms that form a (deformed) 

tetrahedron. When this applies to all voids in a structure, the structure can be regarded as 

being built up by compact packing of deformed tetrahedra; clearly favourable with respect 

to both the space- and connection principle.  

AB2 compounds with MgCu2-type (C15) structure [14], also known as cubic Laves phases, 

can be taken as an example. The structure is shown in Fig. I.3. The A atoms form the 

diamond structure and B4 tetrahedra are positions in all the tetrahedral interstices of the A 
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lattice. The resulting coordination polyhedra around both A and B atoms are so-called 

Frank-Kasper-polyhedra [12] whose most important characteristic in this context is that all 

the polyhedra faces are triangular. Each triangular face will, together with the central atom, 

form a (deformed) tetrahedron and the whole Frank-Kasper polyhedron can hence be 

divided into deformed tetrahedra with atoms in the vertices. As each atom is the centre of a 

Frank-Kasper polyhedron, it is readily seen that the tetrahedra fill all the available space. 

 

Fig. I.3 The crystal structure of cubic Laves phase AB2 (left) and the Frank-Kasper coordination 
polyhedra around the B atom (right). 

 

I.2.3.2 Site preference for hydrogen in intermetallics 
Hydrogen or deuterium absorption in intermetallics does generally not invoke major 

rearrangement of the metal atoms. The hydrogen atoms are accommodated in the (usually 

tetrahedrally coordinated) interstices of the intermetallic leading to lattice expansion 

(typically 2-3 Å3 pr H atom [15]) and sometimes slight distortion of the metal structure. 

Two geometrical criteria for site preference and distribution of hydrogen and deuterium are 

rather generally accepted: The Westlake criterion states that an interstice must have a radius 

of at least 0.4 Å to be accessible for hydrogen [16]. The Switendick criterion states that 

hydrogen atoms must be separated by at least 2.1 Å in metal hydrides. This was first noted 

for binary metal hydrides by Switendick [17] based on band structure calculations and a 

survey of known crystal structures. Subsequent studies have shown that the criterion holds 

for the vast majority of non-binary hydrides as well.  

A 

B 
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The Westlake- and Switendick criteria have been successfully used to predict the crystal 

structure and maximum hydrogen content of numerous intermetallic hydrides based solely 

the crystal structure of the metal lattice [18]. However, erroneous predictions occur. 

Hydrides of cubic ZrCr2 should for instance have a maximal hydrogen content of ZrCr2H3.0 

if the Switendick criterion is followed in a slavish manner [15]. Still, experiments show that 

the composition ZrCr2H4 is achievable as sites 2.0 Å apart may be simultaneously occupied 

([19] and Paper 4). This demonstrates that the geometrical criteria should not be regarded as 

strict rules, but they still serve as useful guidelines.  

The only reliable reports of clear violations of the Switendick criterion are for deuterides of 

certain intermetallics with ZrNiAl-type structure. Yartys et al. found D-D distances in the 

range from 1.562 Å to 1.635 Å in RENiInD1.33 (RE = La, Ce, Nd) from powder neutron 

diffraction (PND) [20]. These experimental findings have been supported by Density 

Functional Theory calculations [21]. The calculations predict even shorter D-D distances in 

other deuterides with the same crystal structure (D-D = 1.45 Å in LaPtInD1.33 being the 

shortest). A better understanding of the conditions that allow such short H-H-distances 

could lead to new materials with a considerably increased hydrogen-to-metal ratio.  

I.2.3.3 Order and disorder 
The tendency towards high symmetry implies that most metals and intermetallics have a 

large number of equivalent interstitial sites. The sites are usually separated by much less 

than 2 Å and they can therefore not be fully occupied. Thus, one out of two situations will 

arise on hydrogen absorption. The hydrogen atoms may be distributed over the equivalent 

sites in such a way that each site has the same probability of being occupied. The deuteride 

is termed ‘disordered’ and the symmetry of the intermetallic is preserved. This is usually the 

situation at “high” temperatures (room temperature is often “high” in this context) where the 

configurational entropy contributes strongly to the stability. Alternatively, a subset of 

initially equivalent sites may be preferentially occupied resulting in a lowering of symmetry 

and a slight distortion of the metal lattice. This is the typical “low”-temperature situation. 

The hydride is ‘fully ordered’ if the occupied subset of sites is 100% filled. If there is some 

disorder in the occupied subset of sites, the hydride is ‘partially ordered’.  

Vanadium is a suitable example due to its very simple body-centred cubic (bcc) structure. 

For every V atom, there are 6 tetrahedral sites and 3 octahedral sites. Deuterium atoms 

prefer to occupy the tetrahedral sites, however, they cannot all be occupied simultaneously 
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since the sites only are separated by about 1.1 Å. Vanadium absorb deuterium to the 

composition VD~0.75 when exposed to deuterium gas at 5 bar. At room temperature, the 

deuteride keeps the bcc structure of vanadium and the tetrahedral sites are on average 12.5% 

occupied (Fig. I.4a). There is no statistical difference between the tetrahedral sites, but 

short-range order prevent neighbouring sites from being occupied simultaneously in 

accordance with the Switendick criterion ([22-26] and Paper 3). Below 253 K, the 

deuterium atoms will instead preferentially occupy 1/8th of tetrahedral sites, leaving the 

remaining ones empty [27]. The deuterium ordering give a orthorhombic superstructure 

with 4 times larger unit cell than the disordered phase, but the metal lattice is basically 

unchanged (Fig. I.4b). The occupied deuterium sites are separated by 2.2 Å.  

 

 

Fig. I.4a) Disordered α-VD0.75. 12 tetrahedral sites (pr unit cell) with minimum separation 1.1 Å are on 
average 12.5% occupied (yellow sectors). Vanadium atoms (blue) form a bcc lattice. b) Ordered 
γ-VD0.75. Vanadium atoms (blue) form a slightly distorted bcc lattice (outlined with stippled line), but 
the unit cell (solid line) is orthorhombic due to deuterium ordering. 1/8th of the tetrahedral sites are 
fully occupied while the remaining ones are empty. The distance between the occupied sites is 2.2 Å. 

I.3 Experimental techniques 

I.3.1 Sample preparation 

I.3.1.1 Preparation of intermetallics 
Intermetallics are usually prepared from a melt of the constituent elements in the proper 

ratio to eliminate the need for long-range solid-state diffusion. When transition- or rare-

earth-metals are involved, special apparatus is needed to produce a high enough 

1.1 Å 

2.2 Å

a) b)
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temperature. In this work, an argon arc-melter was used to prepare intermetallics (Fig. I.5). 

The elements to be melted are put in a water-cooled copper crucible. The crucible is 

enclosed in a glass dome, which is evacuated and filled with argon gas. A tungsten 

electrode, which can be operated from outside the dome, is position about one centimetre 

over the material and a high potential is applied between the electrode and the crucible 

resulting in an electric arc. Most metals melt in the arc in a matter of second. After 

solidification the intermetallic lump is usually re-melted several times to improve the 

homogeneity. If the desired intermetallic phase is not formed directly from the melt, a 

consecutive heat treatment is performed in an evacuated and sealed quartz tube. 

 

Cu crucible 

W electrode

 
Fig. I.5 Argon arc melter for preparation of intermetallic compounds. 

I.3.1.2 Deuteration of intermetallics 
Metallic metal deuterides are prepared by direct reaction between the intermetallic (or pure 

metal) and deuterium gas in a so-called Sieverts apparatus. Deuterium (D = 2H) was used 

rather than natural hydrogen in this work due to the very high incoherent neutron scattering 

cross section of the latter [28]. The intermetallic is sealed in a stainless steel autoclave 

attached to a pipeline system with known volume. The system can be evacuated with a turbo 

molecular pump or filled with deuterium gas from a reservoir. The gas pressure is monitored 

by a transducer. First, the autoclave is heated to about 720 K under dynamic vacuum to 

removed adsorbed gas species from the intermetallic surface. This is called activation. 

Deuterium gas is then introduced at a chosen temperature and pressure. The pressure drop 

caused by deuterium absorption is recorded and the amount of absorbed gas can be 

calculated from the equation of state.  



 10

If the desired deuterium content is obtained at a pressure much lower than 1 bar, a two-step 

procedure is followed. First, the saturated deuteride is produced by deuteration at about 1 

bar. Then the deuteride is kept at a certain temperature under dynamic vacuum until no 

appreciable deuterium desorption takes place. The right desorption temperature to obtain a 

certain composition can be estimated by thermal desorption spectroscopy [29] which is a 

measurement of the pressure as a function of temperature as the samples is heated at a 

constant heating rate under dynamic vacuum.  

I.3.2 Neutron and x-ray scattering 

I.3.2.1 Principles 
When a monochromatic beam of x-rays, neutrons or electrons hits an atom, the atom will 

scatter the beam and emit a spherical wave. If more than one atom is in the beam, the 

scattered waves will interfere and the amplitude (and phase) of the total scattered wave will 

be  

∑
=

⋅=
N

j
jj ifF

1
)exp()( QrQ  (I.3) 

where the summation is over all the N scattering atoms, fj is the scattering power of atom j, 

rj is the position of atom j (relative to a chosen origin), Q = kf – ki is the scattering vector. ki 

and kf have the direction of the incident and scattered beam, respectively, and their 

magnitude is 2π/λa where λ is the wavelength of the incident beam [31]. F(Q) is known as 

the structure factor. 

Instead of summing over all the atoms, F(Q) can be expressed as an integral where the 

scattering power at discrete positions are replaced by the scattering power density, ρ(r): 

))(()exp()()( rrQrrQ ρρ FTdiF
volume

=⋅= ∫  (I.4) 

Hence, the structure factor is the Fourier transform of the scattering power density. X-rays 

are scattered by electron, and F(Q) for x-ray scattering is therefore the Fourier transform of 

the electron density in the sample. Neutrons are scattered by atomic nucleib and ρ(r) is 

                                                 

a It’s assumed that the energy transfer in the scattering process is small compared to the energy of the incident 
particles. This is called “the static approximation” [30]. 
b Neutrons are also scattered by the magnetic moment of unpaired electrons, but magnetic scattering is 
neglected in the following discussion. 
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therefore the density of atomic nuclei weighted by the individual nuclei’s scattering power 

given by the coherent scattering length, b. 

Unfortunately, ρ(r) cannot be obtained by the inverse Fourier transform of F(Q) because the 

measured intensity of the scattered beam is proportional to |F(Q)|2 and all information about 

the phase of F(Q) is lost in the measurement. This is known as the phase problem in 

crystallography. 

No assumption is made about the distribution of scattering elements when putting up Eq. 

I.3. However, crystalline material is often treated as being built of identical entities called 

unit cells, which are stacked together infinitely in 3 dimensions. The unit cell is a 

parallelepiped spanned by three translation vectors, a, b and c. Hence, two points connected 

by a vector ruvw = ua+vb+wc (u, v, w are integers) are identical, i.e. they have the same 

position relative to the origin of a unit cell. Now, the atomic positions, rj, in Eq. I.3 can be 

expressed as the sum of the position of the origin of the unit cell accommodating atom j, 

ruvw, and the position of atom j relative to that origin, rk
unitcell:  

∑ ∑
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 (I.5) 

The first sum is over all the n atoms in the unit cell and the second sum is over the infinite 

number of unit cells. The infinite triple sum is in fact a sum of delta-functions that describes 

a lattice:  

∑∑
∞

−∞=

∞

−∞=

−=⋅
lkh

hkl
wvu

uvw V
i

,,,,
)(1)exp( QQrQ δ  (I.6) 

where Qhkl = 2π(ha* + kb* + lc*). a*, b* and c* are the reciprocal vectors of a, b and c 

defined by a·a* ≡ b·b* ≡ c·c* ≡ 1 and a·b* ≡ a·c* ≡ b·a* ≡ …….. ≡ 0. h, k, l are integers. V 

is the volume of the unit cell. This implies that a crystal with perfect translational symmetry 

only scatters in certain directions, namely were Q = Qhkl. The scattering in these directions 

is called Bragg scattering. Fcrystal(Q) is zero everywhere else due to the sum of delta-

functions: 
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The condition for Bragg scattering, Q = Qhkl, is usually expressed in a different form known 

as Bragg’s law: 

hklhkld θλ sin2=  (I.8) 

λ is the wavelength of the Bragg scattered wave, dhkl is the interplanar distance in the family 

of planes that cut a h times, b k times and c l times. θhkl is half the scattering angle (see Fig. 

I.6). The Bragg scattering is regarded as specular reflection from the family of planes. 

Hence, the scattering in a certain direction 2θhkl is called a Bragg reflection and hkl is its 

Miller index. Braggs law can be derived geometrically from Fig. I.6 or directly from the 

condition Q = Qhkl (see e.g. [32]). 

 

Fig. I.6 Scattering regarded as specular reflection from a set of crystallographic planes. Braggs law can 
be derived from the condition for constructive interference between the two waves, i.e. that the 
difference in path, ABC, should be an integral number of wavelengths. 

Real crystals are not perfect. There are always thermal motions and defects present. In 

addition, there is often non-stoichiometry in inorganic compounds. Hence, there is not 

perfect translational symmetry, and the conditions used to derive Eq. I.7 are not truly valid. 

F(Q) does not contain delta-functions but is rather a continuous function. The scattering 

caused by deviations from the ideal periodicity is called diffuse scattering. An experiment 

that aims to measure both Bragg- and diffuse scattering is called a total scattering 

measurement. The experimental data in a total scattering measurement (also a continuous 

function of Q, of course) is called the differential scattering cross-section, 
Ωd

d )(Qσ . The 

differential scattering cross-section is the current of scattered neutrons (detector counts pr 

second) in the direction Q into the solid angle Ω (the solid angle which is reckoned as the 

A

B

C

θhkl

dhkl 

2θhkl  
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point Q by the detector) divided by the neutron flux on the sample. It is related to the 

structure factor by: 

)())(exp()()(
1,

2 QrrQQQ SNiffF
d

d N

kj
kjkj ⋅=−⋅==

Ω ∑
=

σ
 (I.9) 

where S(Q) is the called the structure functionc. The inverse Fourier transform of S(Q) is 

the total pair distribution function, G(r), which is the weighted sum of the partial pair 

distribution functions, gm-n(r): 

))(()()(
1,

1∑
=

−
− ==

s

nm
nmnmnm SFTgffccG Qrr  (I.10) 

where s is the number of species in the sample and cm is the relative concentration of specie 

m. The pair distribution functions are usually averaged over all directions in space to give 

isotropic functions of r. gm-n(r) is then the normalized density of atoms of type n in a 

spherical shell of thickness dr, a distance r from a m-atom (averaged over all m-atoms): 

n

n
nm drr

Nrg
ρπ ⋅⋅

=− 24
)(  (I.11) 

where Nn is the number of atoms of type n in the spherical shell. ρn is the average density of 

n-atoms so the limiting value of g is 1 when r → ∞. 

If the deviations from perfect translational symmetry are uncorrelated, e.g. as in 

uncorrelated thermal vibrations or randomly distributed defects, the diffuse scattering will 

be monotone and featureless. An example is given in Fig. I.7a which shows the calculated 

neutron scattering from a completely random substitutional solid solution of 10 mole 

percent iron in fcc manganese. The diffuse scattering between the Bragg peaks is essentially 

flat. The small ripples are due to the finite size of the model (6912 atoms, 12x12x12 fcc unit 

cells). On the other hand, if the deviations are correlated, e.g. as in phonons, interacting 

defects or short-range substitutional order, the diffuse scattering may have distinct features. 

Fig. I.7b shows an example; again with fcc Mn0.9Fe0.1. This time the model is made under 

the condition that all the 12 atoms surrounding a Fe atom must be Mn atoms, which could 

                                                 

c S(Q) is sometimes called ‘structure factor’ in the total scattering community. However, it must not be 
confused with the crystallographic structure factor, F(Q) (Eq. I.3) 
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be the case if there were repulsive interactions between Fe atoms in the alloy. The resultant 

diffuse scattering is highly featured due to the short-range ordering. 
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Fig. I.7 Simulated total neutron scattering data for a) a random fcc solid solution Mn0.9Fe0.1 and b) a fcc 
solid solution Mn0.9Fe0.1 where Fe is solely coordinated by Mn. 

I.3.2.2 Radiation sources and instruments 

I.3.2.2.a Laboratory powder x-ray diffraction (lab-PXD) 
 The course features are similar for all laboratory powder x-ray diffractometers: X-rays are 

produced in an x-ray tube by bombarding a metal target with high-energy electrons. The 

radiation corresponding to a characteristic wavelength of the metal target (usually Kα) is 

separated out with an absorption filter or a crystal monochromator. The monochromatic 

beam is directed on the sample and the intensity of the scattered beam is recorded as a 

function of the scattering angle 2θ with a photographic film or detector. In addition to the 

mentioned components, there are diaphragms and collimators to define the beam size and 

divergence. 

The actual geometry varies among different instruments. The lab-PXD measurements in this 

work were done at a Siemens D5000 diffractometer with Bragg-Brentano geometry (Fig. 

I.8). The sample is flat and illuminated with a divergent x-ray beam. The x-ray source and 

the detector are at the same distance from the sample. The sample plane is rotated in 

conjunction with the detector so that the angle between the sample plane and the incident 

beam is half the angle 2θ between the incident beam and the detector. This creates a 

parafocusing effect at the detector which enhance both the resolution and the intensity. 

The advantages with laboratory PXD are the good availability of instruments, good 

resolution and relatively short measurement times. There are, however, some inherent 

disadvantages with x-ray scattering. The most severe, from a metal hydride point-of-view, is 

a) b)
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the fact that the scattering intensity from an element is proportional to the square of the 

atomic number, Z2. Hence, the scattering from hydrogen is negligible compared to most 

metallic elements and no direct information about the hydrogen sublattice can be obtained. 

I.3.2.2.b Synchrotron radiation powder x-ray diffraction (SR-PXD) 
Charged particles emit electromagnetic radiation when accelerated. Synchrotrons are large 

installations that use this effect to produce high-brilliance electromagnetic radiation. 

Electrons are accelerated to a relativistic speed and forced to follow a circular path, thus 

emitting radiation in the x-ray region of the spectrumd. This radiation has several advantages 

over conventional x-rays (Section I.3.2.2.a). Most important, the beam is very well defined 

and very intense. Thus, diffraction data with superior resolution can be collected and the 

measurement time can be made short e.g. to follow reactions in-situ. 

SR-PXD in this work was performed at the high-resolution diffractometer at the Swiss-

Norwegian Beamline (SNBL) at the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. The wavelength of the monochromic beam can be chosen between 0.4 Å 

and 1.2 Å by adjusting a silicon channel-cut monochromator. The sample is in a glass 

capillary (typically 0.3 mm inner diameter) which is rotated to improve the powder 

averaging. The scattered beam is measured in the vertical plane due to the intrinsic vertical 

                                                 

d Radiation with lower energy can be achieved by using slower electrons, but that is of no interest for 
diffraction work. 

 
Fig. I.8 The geometry of a Bragg Brentano diffractometer. 
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collimation of the synchrotron radiation. Six scintillation-counter detectors are mounted 

with 1.1o intervals to reduce measuring time. An analyser crystal (secondary 

monochromator) is mounted in front of each detector so that only elastically scattered x-rays 

are recorded. 

I.3.2.2.c Powder neutron diffraction (PND) 
All moving particles have wave characteristics according to the de Broglie relation 

p
h=λ  (I.12) 

where λ is the particle’s wavelength, h is the Planck constant and p is the particle’s linear 

momentum. Neutrons moderated in a medium around room temperature have wavelengths 

comparable to interatomic distances and are thereby suitable for diffraction experiments. 

Neutrons offer several advantages over x-rays:  

- There is no simple relation between an atom’s atomic number and its scattering length, b. 

Instead, the scattering lengths vary chaotically from element to element and from isotope to 

isotope. Hence, light elements usually have a scattering length comparable to heavy 

elements, which makes it possible to determine the position of e.g. hydrogen and oxygen in 

metal containing compounds. Furthermore, neighbouring elements in the periodic table, 

which are indistinguishable with PXD, may have rather different scattering lengths and are 

thus easily distinguished by PND. 

- Neutrons have a magnetic moment and therefore interact with unpaired electrons. Thus, 

neutron scattering provide information about magnetic structure as well as nuclear structure. 

- Thermal neutrons have energy comparable to phonons and inelastically scattered neutrons 

can give information about the dynamics of the sample. 

- Neutrons interact weakly with matter, and it is therefore possible to enclose the samples in 

furnaces, cryostats, pressure cells etc. without severe absorption problems.  

Nuclear reactors are the most common neutron source. Fissionable material, most often 

uranium, is split to lighter elements producing free, energetic neutrons in the core of the 

reactor. The neutrons are moderated in a proper medium to get wavelengths around 1 Å. 

Neutron beams can then be led out of the reactor core through channels in the reactor 

shielding and used for neutron scattering experiments. 
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PUS and JEEP II 
Most conventional neutron diffraction measurements in this work were performed at the 

powder diffractometer PUS at the JEEP II reactor at Institute for Energy Technology, 

Kjeller, Norway [33]. JEEP II is a 2 MW heavy water moderated reactor run on enriched 

uranium oxide.  

The layout of the instrument is shown in Fig. I.9. PUS is equipped with a focusing Ge 

monochromator. The 511 reflection plane with a take-off angle around 90o is normally used 

resulting in a neutron wavelength about 1.5 Å. By using other reflection planes (311 or 711) 

and take-off angles between 55o and 100o, wavelengths between 0.75 Å and 2.6 Å can be 

achieved. The collimator in front of the monochromator has three modes, 15’, 30’ and 

“open” (60’), which makes it possible to increase the flux at the sample at expense of the 

resolution. The sample is kept in a cylindrical can with a diameter of 3 - 8 mm. The can is 

usually made of vanadium although quartz is used for some in situ experiments. The sample 

can be exposed to controlled atmospheres (e.g. deuterium) and cooled or heated to 

temperatures between 8 and 1200 K. The scattered beam is detected by two detector banks 

each containing 7 vertically stacked position sensitive detector tubes covering 20o. Hence, a 

measurement range of 120o can be obtained by placing each detector bank in 3 subsequent 

positions. The detector banks move on air pads. Oscillating collimators between the sample 

and the detectors eliminate neutrons scattered by equipment surrounding the sample.  

SLAD and R2 
Total neutron scattering measurements were performed at the instrument SLAD at the R2 

reactor at Studsvik, Sweden. R2 is a 50 MW heavy water moderated reactor. The 

 
Fig. I.9 Layout of the powder diffractometer PUS at Kjeller, Norway 
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diffractometer SLAD was designed to study liquid and amorphous samples and is therefore 

optimised for high flux at the sample rather than high resolution [34]. The resolution is still 

good enough to study crystalline materials.  

The monochromator is a focusing Cu crystal reflecting with the 110 plane giving a 

wavelength of 1.117 Å (take-off angle 51.8o). The space between the monochromator and 

the sample is evacuated to avoid air scattering. The sample containers and possible sample 

environments are similar to those for PUS. The detector bank contains 12 position sensitive 

detector tubes arranged in four stacks of three tubes. There is a gap in the Q-range between 

the four stacks, but a continuous Q-range from 0.38 Å-1 to 10.47 Å-1 (2θ = 3.8o - 137.0o) is 

measured by moving the detector bank between two different positions. There are 

oscillating collimators between the sample and the detectors. 

HRPD and ISIS 
ISIS (Didcot, Great Britain) is a neutron spallation source. Neutrons are not produced by 

fissionable material like in a nuclear reactor. Instead, a tungsten target is bombarded with 

pulses of high-energy protons (800 MeV). The protons break tungsten atoms apart, thus 

releasing cascades of neutrons and other particles. Hence, ISIS is a pulsed neutron source. 

HRPD is an instrument for high-resolution powder diffraction that exploits the pulsed nature 

of the neutron flux at ISIS [35]. Instead of measuring the scattering intensity as a function of 

scattering angle at a fixed wavelength, it measures the scattering intensity as a function of 

the wavelength at a fixed scattering angle. The neutron wavelengths are obtained from Eq. 

I.12 by measuring the neutrons’ time-of-flight (TOF) i.e. the time the neutrons use to travel a 

certain distance. The flight path is almost 100 m, resulting in superb resolution. Detectors 

are placed in backscattering position (2θ = 168o) and at 2θ = 90o. The best resolution is 

obtained in backscattering were ∆d/d is about 4*10-4 in the whole Q range from 1.4 to 

10.47 Å-1 (Fig. I.10). This is an order of magnitude better than the best constant-wavelength 

instruments. Higher intensity and lower Q (0.95 Å-1) are accessible at the 90o detector at the 

expense of poorer, but still very good, resolution (∆d/d ~ 3*10-3). 
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Fig. I.10 Resolution function and Q-range for the discussed powder diffractometers under the 
conditions used in this work.  

HRPT and SINQ 
SINQ is a spallation neutron source at the Paul Scherrer Institute in Villigan, Switzerland. 

Unlike ISIS, it delivers a continuous rather than pulsed neutron flux as a constant beam of 

590 MeV protons are shot at a lead target. 

HRPT is a constant-wavelength diffractometer at SINQ [36]. The neutrons are 

monochromised with a focusing Ge-monochromator. Wavelengths between 1.0 and 2.5 Å 

are achievable with different hkk diffraction planes and take-off angles of 90o or 120o. 1600 

detectors with 0.1o separations are contained in a single detector bank, thus covering 160o in 

2θ. Finer step lengths and increased angular range are realized by moving the detector bank. 

Like on PUS, the collimation in front of the monochromator can be adjusted to increase the 

flux and there are oscillating collimators between the sample and the detectors. 

Fig. I.10 shows the resolution functions as ∆d/d versus Q for the different instrument used in 

this work. 

I.3.2.2.d Electron diffraction – Transmission Electron Microscopy 
Electron diffraction (ED) measurements in a Transmission Electron Microscope (TEM) are 

rather different from x-ray or neutron powder diffraction measurements although the 

underlying principles described in Section I.3.2.1 are the same. 
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Fig. I.11 A highly simplified sketch of a TEM experiment. The objective lens gather all beams that exit 
the sample from the same point in one point in the image plane. All beams that exit the sample in the 
same direction are gather in one point in the focal plane. 

In a TEM, electrons are accelerated through a potential (typically > 250kV) to obtain a 

wavelength well below 1 Å. The electrons are gathered to a narrow parallel beam by a set of 

electromagnetic lenses. The beam is sent through the sample, which should have a sub-

micrometer thickness. Due to their wave nature (Eq. I.12), the electrons are diffracted by the 

sample according to Eq. I.3. An electromagnetic lens, called the objective lens, is used to 

form an image of the sample from the scattered electrons in the image plane. At the same 

time, the diffraction pattern is created in the focal plane of the objective lens (Fig. I.11). By 

placing a proper aperture in the image plane, the diffraction pattern from a very small area, 

about 0.4 µm, can be recorded (Selected Area Diffraction) [37]. This implies that single-

crystal diffraction data may be obtained from polycrystalline samples, since diffraction from 

a single crystallite can be measured. However, the recorded intensities are strongly 

attenuated by multiple scattering due to the strong interactions between the electron beam 

and the sample. Hence, crystal structure determination is rarely performed from ED data 

alone  

I.4 Tools for data analysis 

I.4.1 Powder crystallography 
Structure determination from powder diffraction data is vastly more intricate than from 

single crystal data, because the Bragg reflections tend to overlap heavily when the 3-

dimensional Q-space is collapsed into a 1-dimesional Q-space. However, many materials 

(including most metal deuterides) are virtually impossible to grow as single crystal, thus 

leaving powder diffraction the only viable option for structure determination. 

parallel electron beam

sample 

objective lense 
focal plane 

image plane 
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A crystal structure determination from diffraction data typically proceeds in three steps: 1) 

Indexing – i.e. to determine the lattice parameters by assigning the correct Miller indices to 

the observed Bragg reflections. 2) Structure solution – i.e. to determine the approximate 

atomic arrangement within the unit cell. 3) Structure refinement – i.e. to accurately 

determine the atomic arrangement within the unit cell. 

The indexing step cannot be performed in a deductive manner, but there exist several 

computer programs that seek to solve the problem by trial-and-error. They will not be 

described here since indexing programs were not readily used in this work. A review can be 

found in [38]. 

I.4.1.1 Structure solution 

I.4.1.1.a Single crystal methods 
Powerful techniques like Patterson methods and Direct methods exist for structure solution 

from single crystal data. They require, however, accurately measured structure factor 

moduli, |Fhkl|, for a large number of Bragg reflections, which is usually not directly 

accessible from powder diffraction data due to peak overlapping. Yet good estimates of |Fhkl| 

can be made by pattern decomposition, which is described in Section I.4.1.2, and single 

crystal methods may thereby be used on powder diffraction data. More information can be 

found in numerous textbooks on crystallography, e.g. [31]. 

I.4.1.1.b Global optimization 
Global optimization techniques evaluate a large number of real-space structure models 

based on how well their calculated powder diffraction profile match the observed one. The 

goal is to find the ‘global minimum’, i.e. the atomic arrangement with best possible 

agreement with the experimental data. Exhaustive search of the parameter space is not 

practically possible except from in very simple cases. Thus, different strategies, like Monte 

Carlo and Genetic algorithms, are used to explore the parameter space more ‘intelligently’ 

[39].  

An always-present obstacle in optimization procedures is entrapment in local minima. In 

Monte Carlo simulations this is often sought avoided by so called ‘simulated annealing’. 

This expression originates from Monte Carlo simulations that aim to minimize the energy of 

a model system; so called Metropolis Monte Carlo (MMC) [40]. Random changes are 

inflicted on the structure model, and the changes in potential energy are calculated from pair 

potentials. Changes that decrease the systems energy are accepted, while changes that 
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increases the systems energy by ∆E are rejected with the probability exp(∆E/kT). T is a 

user-controlled parameter that represents the temperature of the system. At high 

temperatures, there will be a high probability for energetically unfavourable moves to be 

accepted and the system will not settle down in the most favourable configuration. At low 

temperatures, the system will steadily move towards the closest energy minimum in the 

parameter space. If that is a local minimum, the global energy minimum may never be 

reached because it takes several unfavourable moves to overcome the energy barrier(s) 

between the local and the global minimum. In ‘simulated annealing’, the modelling is 

started at a temperature that is sufficiently high to reach all regions of the parameter space. 

The temperature is then gradually lowered until the energy does not decrease any further. 

The process is clearly similar to a physical annealing procedure. If the rate of cooling is low 

enough, the global energy minimum will be found. If the cooling rate is to high, the model 

may be trapped in a local minimum, which is equivalent to stabilization of a high-

temperature phase (or an amorphous phase) by quenching in a physical annealing process. 

Hence, the choice of proper cooling rate is one of the major pitfalls. ‘Simulated annealing’ 

is used in the same manner for crystal structure solution, except that the disagreement with 

the experimental data is minimized instead of the energy (see also Section I.4.2). 

The problems associated with choice of cooling rate are avoided in ‘parallel tempering’, 

which is used for structure solution by the computer program FOX [41]. Instead of running 

one simulation at a time-dependant temperature, several simulations are run in parallel at 

different constant temperatures. Occasionally, e.g. after every tenth Monte Carlo move, the 

models at two different temperatures are compared. If the high-temperature model is better 

than the low-temperature model, they swap temperatures (Fig. I.12). In this way, the former 

high-temperature model is cooled down to better explore the minima in its vicinity while the 

former low-temperature model is given a heat treatment to break through barriers that 

prevent it from reaching the global minimum. 

The great advantage with ‘parallel tempering’ is that it is time-invariant. Hence, the user 

doesn’t have to decide a running time and cooling scheme in advance. The global minimum 

will always be found if the simulation is run long enough because it is never “too late” to 

get out of a local minimum. 

An elegant feature in FOX is the use “dynamical occupancies”. If n atoms of the same kind 

get closer than a certain threshold value, their scattering factors are reduced by a factor that 

decrease with the interatomic distance and become 1/n when they perfectly overlap. If 
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several atoms for instance approach a special position, they will eventually merge to one 

atom when the special position is reached. Hence, the number of crystallographically 

different atoms doesn’t need to be known in advance. 
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Fig. I.12 Time evolution of ‘simulated annealing’ (left) and ‘parallel tempering’ (right) 

I.4.1.2 Rietveld refinement 

When single crystal diffraction data are available, the structure model may be refined by 

fitting the calculated Bragg intensities from the structure model to the individual observed 

intensities in a least-square refinement. In powder diffraction data, however, there are 

usually few fully resolved Bragg-peaks so the single crystal approach is inadequate. 

Rietveld refinement was developed in the late 1960’s [42,43] to cope with this problem. The 

idea is to fit an entire calculated diffraction pattern from the structure model to the observed 

diffraction pattern instead of fitting individual reflection intensities. The structure model is a 

single unit cell, so only Bragg scattering is considered. The diffuse scattering is discarded as 

“background” on a level with incoherent- and instrumental background scattering and 

simply fitted with a polynomial. The loss of intensity in the Bragg peaks due to diffuse 

scattering must still be accounted for. If the atomic displacement distribution is Gaussian 

around the average position, the atomic scattering power is effectively modified with a Q-

dependent factor called the Debye-Waller factor. The structure factor then becomes 

∑
=

⋅−=
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hkljjhkljhkl iuQfF
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2
1exp()( QrQ  (I.13) 

where uj is the mean-square displacement of atom j. The displacement factor Bj ≡ 8π2uj is 

the often quoted instead of uj. 

The diffraction profile from the structure model is calculated in discrete steps. The intensity 

in the ith step is: 
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where K is an instrument dependent correction factor, S is the scale factor, Mhkl is the 

multiplicity of the hkl reflection, Fhkl is the structure factor (Eq. I.13), ϕ is a profile function 

that distribute the intensity around the ideal Bragg-angle 2θhkl according to instrumental- 

and sample broadening, 2θi is the scattering angle corresponding to point i, zero is the zero-

point offset, A is absorption correction, P is correction for preferred orientation and bg is the 

background. The sum is over all the peaks hkl that contribute to the Bragg scattering in point 

i. If more than one phase is present, there must be an additional sum over all phases with 

Bragg contribution to point i. The most commonly used profile function is the so-called 

pseudo-Voigt function, which is a linear combination of a Gaussian and a Lorentzian 

function. 

Both structural and non-structural parameters can be refined in a least-square refinement to 

minimize the disagreement, wRp, between the observed and calculated profile:  
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where yi
obs is the observed intensity in point i. wi is a weighting factor usually taken as 

1/yi
obs.  

In addition to crystal structure refinement, Rietveld refinements can be used to obtain 

microstructural information (strain and particle size) from the parameters of the profile 

function and to perform quantitative phase analysis based on the scale factors of the 

different phases. 

Rietveld refinements require good starting models to converge. If no structure model is 

present, each |Fhkl| can be treated as an independent parameter and profile refinement may 

thereby still be performed. The structure factor moduli may be refined directly by the least-

square algorithm, which is called a Pawley refinement [44], or they can be iteratively 

refined outside the least-square algorithm in a Le Bail refinement [45]. These techniques are 

known as pattern decomposition, and may be used to extract structure factor moduli for use 

with single-crystal techniques (Section I.4.1.1.a). They are also useful to evaluate and refine 

unit cell- and profile shape parameters when no adequate structure model is available. 
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I.4.2 Total scattering – Reverse Monte Carlo 
Reverse Monte Carlo (RMC) is a general technique for structure modelling based on 

experimental data. It was initially developed to model the structure of liquids and glasses 

based on neutron scattering [46], but it is also applicable to crystalline materials. In theory, 

any experimental technique from which a signal can be calculated from a structure model 

can be used in conjunction with RMC. Neutron and X-ray scattering [47] followed by 

EXAFS are most commonly used and they are often used in combination (e.g. [48,49]). 

RMC is strongly related to MMC described above (Section I.4.1.1.b). The algorithm is 

shown in Fig. I.13. The principle is to make random modifications of a structure model and 

accept those modifications that improve the fit between the observed experimental signal 

and the corresponding signal calculated from the structure model. To impede trapping in 

 

Fig. I.13 The algorithm of Reverse Monte Carlo modelling. The loop is repeated until no further 
reduction of χ2 is achieved. σ(Xi) is the standard deviation of the experimental signal at point Xi, 
IExp(Xi). The parameter A is a user-defined constant used to control the amount of bad moves that are 
accepted. 
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local minima, modifications that deteriorate the fit also have a possibility of being accepted, 

but the probability of acceptance falls exponentially with the degree of deterioration. 

The crucial difference between RMC and Global optimization as described in Section 

I.4.1.1.b is that all the experimental data are used. Hence, the diffuse scattering is modelled 

as well as possible Bragg scattering. The resulting model will thus show same-time atomic 

correlations and may be regarded as a ‘snapshot picture’ of the structure. 

RMCPOW [50] is a RMC computer program especially designed to simultaneously model 

Bragg- and diffuse scattering from crystalline material. The starting model is a supercell of 

the crystallographic unit cell. The scattering intensity is calculated for every reciprocal 

lattice point (Bragg reflection) of the supercell using Eq. I.7 and powder averaged to make a 

powder scattering pattern. The subset of reciprocal lattice points that correspond to Bragg 

reflections from the crystallographic unit cell are broadened with an instrumental resolution 

function. The remaining reciprocal lattice points are smoothed to model the diffuse 

scattering.  

Fig. I.14 Schematic illustration of displacive moves and swap moves in RMCPOW. 

Displacive 
move 

Swap 
move 
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Different kinds of modifications, or moves, can be made to the model in RMCPOW. A 

displacive move is a shift in an atomic position (Fig. I.14a) and such moves are used to 

model thermal disorder and static displacements. In a swap move, two atoms exchange 

positions, which is useful for modelling substitutional disorder (Fig. I.14b). Swap moves 

between deuterium atoms and non-scattering atoms representing vacant interstitial sites are 

useful to model short-range order of deuterium in metal deuterides (Paper 3 and 4). 
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II The room temperature crystal structure of Zr2NiD4.5 

II.1 The crystal structure of Zr2Ni 
Zr2Ni takes the tetragonal Al2Cu-type structure (space group I4/mcm, Z = 4) with 

a = 6.348 Å and c = 5.241 Å [1]. Zr and Ni are confined to alternating layers, which are 

perpendicular to the c-axis and separated by ¼c (Fig. II.1a). The Zr atoms can be considered 

as arranged in squares within the Zr layers. The squares in adjacent layers are rotated 45o 

relative to each other (Fig. II.1b) and give square antiprismatic coordination for nickel. The 

Ni atoms form chains parallel to the c-axis. 

a

c a

b

c

Fig. II.1. The crystal structure of Zr2Ni a) viewed along the b-axis and b) viewed slightly off the c-axis. The 
square arrangement of the Zr atoms is outlined for atoms in z = 1 and ½. Red circles: Zr atoms; Blue 
circles: Ni atoms 

Zr2Ni has four types of tetrahedral interstitial sites that are candidates for deuterium 

occupation. Two types of sites are coordinated by 4 Zr atoms (Wyckoff positions 4b and 

16l), one type is coordinated by 3 Zr atoms and 1 Ni atom (Wyckoff position 32m) and one 

type is coordinated by 2 Zr atoms and 2 Ni atoms (Wyckoff position 16k). The 4b tetrahedra 

(Zr4) form chains parallel to the c-axis by edge shearing (Fig. II.2). These chains are not 

interconnected. The 4b tetrahedron shares all its four faces with 16l tetrahedra. 

The 16l tetrahedra form chains parallel to the c-axis by alternating face- and corner-sharing 

(Fig. II.3). Thus, a given 16l tetrahedron shares one face with another 16l. In addition, one 

face is shared with a 4b tetrahedron and two faces with 32m tetrahedra. The 16l-chains are 

interconnected by edge-sharing. 

a) b) 
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The 32m sites (Zr3Ni) are arranged in units of 8 tetrahedra encircling one common corner 

(the Ni atom) (Fig. II.4). The units are interconnected by edge-sharing. A given 32m 

tetrahedron shares two faces with its neighbours in the unit. The two remaining faces are 

shared with a 16l and a 16k tetrahedron. 

The 16k sites (Zr2Ni2) form units of 4 tetrahedra that share a common edge (the Ni-Ni edge) 

(Fig. II.5). Two faces are shared with neighbouring 16k tetrahedra in the unit. The two 

remaining faces are shared with 32m tetrahedra. The scheme of face-sharing is summarized 

in Table II.1. It is seen that all tetrahedra share all their faces with other tetrahedra. Hence, 

the four types of tetrahedra described above fill the entire space in the crystal structure. 

In general, two face-sharing tetrahedra in Zr2Ni are not expected to be simultaneously 

occupied by deuterium as it would strongly violate the Switendick criterione 

(Section I.2.3.2). Hence, the extensive face-sharing inflict strict limitations on the maximum 

occupancy of the different sites. 4b is the only site that can be fully occupied. All other sites 

share one or two faces with sites of the same kind, and they can therefore not achieve more 

than 50% occupancy. An examination of the crystal structure shows that the sum of the 

occupancies of 4b and 16l may not exceed 100%. Consequently, more than 50% occupation 

of the 4b site limits the possible occupancy of the 16l sites and any occupation of 16l 

imposes limitations on 4b. The 16l, 32m and 16k sites do not affect each other’s maximum 

occupancies, as they can be 50% occupied simultaneously without face-sharing. 

                                                 

e Even though this criterion has proven not to be a universal rule [2], earlier work on Zr2Ni deuterides [3,4] and 
other isostructural deuterides [5-7] give good reason to assume that the Switendick criterion is obeyed in this 
system. 

Table II.1. Scheme of face-sharing between the four types of tetrahedra in Zr2Ni. 

Number of surrounding, face-
sharing tetrahedra 

 4b 16l  32m 16k 

4b (Zr4) 0 4 0 0 

16l  (Zr4) 1 1 2 0 

32m (Zr3Ni) 0 1 2 1 C
en

tra
l 

te
tra

he
dr

on
 

16k (Zr2Ni2) 0 0 2 2 
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a

c

a

c

 

Fig. II.2. Chains of edge-sharing Zr4 (4b) 
tetrahedra parallel to the c-axis in Zr2Ni. Three 
unit cells are outlined. Colour codes are as in Fig. 
II.1. 

Fig. II.3. Chains of alternating face- and corner 
sharing Zr4 (16l) tetrahedra parallel to the c-axis in 
Zr2Ni. Every second tetrahedron within each chain 
is plotted in a lighter colour for clarity. Three unit 
cells are outlined. 

a

b

a

b

Fig. II.4. Units of eight Zr3Ni (32m) tetrahedra 
surrounding each Ni-atom in Zr2Ni. One unit cell 
is outlined. 

Fig. II.5 Units of four Zr2Ni2 (16k) tetrahedra 
surrounding each Ni-Ni pair in the Ni chains in 
Zr2Ni. One unit cell is outlined. 
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The crystal structures of Zr2Ni deuterides with ≤ 4 deuterium atoms per formula unit are 

well known. Zr2NiD2 is achieved by 50% filling of the 16l sites [3]. Further deuterium 

absorption takes place by disordered filling of 32m and 4b sites up to at least Zr2NiD3 where 

16l, 4b and 32m are 50%, 22% and 11% occupied, respectively [3]. Zr2NiD4 has a partly 

ordered crystal structure with a slight monoclinic distortion of the unit cell (a/b = 1.004, 

β = 91.0o, space group I2/c) [4]. D fully occupies an 8-fold site which corresponds to half of 

the 16l sites. This site blocks all the former 4b sites rendering these completely empty. Two 

other 8-fold sites, each corresponding to a quarter of the 32m sites, are about 86% and 10% 

occupied. Earlier investigations on saturated Zr2Ni deuterides are inconclusive. Chikdene 

et al. reported deuterium ordering in Zr2NiD4.8 and suggested an orthorhombic supercell 

with doubled b- and c-axes, however, the crystal structure was not determined [3]. A 

monoclinic distortion of the basal plane (i.e. γ ≠ 90) was reported for Zr2NiD5.1 by Aubertin 

et al. [8]. Hence, there are open questions regarding both structure and symmetry of 

saturated Zr2Ni deuterides. 

Different deuterium arrangements are found in deuterides of other intermetallics with 

Al2Cu-type structure. Zr2Fe and Zr2Co form isostructural deuterides with composition 

Zr2MD5. The 4b site is fully occupied and the 16l sites are therefore empty. The remaining 

deuterium atoms orderly occupy half of the 32m sites. The space group symmetry is thereby 

changed to P4/ncc. Th2AlD4 is accomplished by complete occupation of the 16l sites, which 

is possible without breaking the Switendick criterion due to the large atomic radius of 

thorium (Paper 2). The 4b and 32m sites are blocked when the 16l sites are full, but 4b is 

partly occupied at lower D concentrations. Finally, Nb2(Co,Si)D1.25 and Nb2(Ni,Si)D1.35 

have disordered occupation of the 4b sites (78% and 64%, respectively) and 16l sites (12% 

and 19%, respectively) [9]. 

II.2 Preliminary investigations 
The intermetallic Zr2Ni was made from a stoichiometric mixture of the elements by argon 

arc melting (Section I.3.1.1). Zr2Ni forms congruently from the melt and annealing proved 

unnecessary to obtain a single-phase sample. 

Zr2Ni deuteride was prepared by exposing the intermetallic to deuterium at a pressure of 

about 1.5 bar at ambient temperature. From the pressure drop during absorption, the 

composition was estimated to Zr2NiD4.8(1). 
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Lab PXD data (Section I.3.2.2.a) show a clear splitting of the 220 peaks. The remainder of 

the peaks can be indexed according to as slightly expanded tetragonal unit cell (a = 6.81 Å, 

c = 5.69 Å) although many peaks seem broad or somewhat asymmetric suggesting that they 

are not single peaks either.  
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Fig. II.6 Part of lab-PXD diagram for saturated Zr2Ni deuteride. Miller indices corresponding to the 
tetragonal starting material are shown. The 220 peak is clearly split. 

The sample was measured at the high-resolution powder diffractometer at the Swiss-

Norwegian Beam Lines (SNBL, station BM01A) at ESRF, Grenoble (Section I.3.2.2.b) to 

investigate the peak splitting further. Two features are apparent in the SR-PXD data. Firstly, 

all peaks except the 00l peaks (002 and 004) are split. Secondly, if the splitting is 

disregarded, the diffraction pattern resembles closely what one would get from an expanded 

tetragonal Zr2Ni structure. Both points are illustrated in Fig. II.7 which shows the 

experimental diffractogram together with simulated data for Zr2Ni with a = 6.81 Å and 

c = 5.69 Å. Miller indices for the hypothetical tetragonal phase are given. 

There are two possible explanations for the peak splitting: 1) There is a deuterium-induced 

symmetry lowering. 2) Two phases with slightly different deuterium compositions coexist.  
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Because of the earlier reports of symmetry lowering in Zr2Ni deuterides, option 1) was 

examined first. It was immediately apparent that a monoclinic distortion like the one 

reported for Zr2NiD4 [4], i.e. a slightly obtuse angle in the prismatic plane (β > 90o) is 

incapable of explaining the splitting. Such a deformation splits general tetragonal hkl 

reflections in four: hkl, khl, hk l   and kh l  . Hence, hh0 peaks will remain singlets in contrast 

to the experimental data. A monoclinic deformation of the basal plane (i.e. γ ≠ 90o) as 

indicated earlier for Zr2NiD5 [8] would on the other hand split the hh0 peaks into hh0 and  

h h  0. In fact, all peaks except 00l will be split which is in agreement with the present data. 

Still, such a distortion can be ruled out because it requires a considerably different length of 

the a- and b-axis to achieve the proper splitting of the 022 peak (a = 6.84 Å and b = 6.78 Å), 

which in turn yields a splitting of the 130 peak far greater than observed. Hence, no simple 

monoclinic deformation can satisfactorily describe the SR-PXD data.  
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Fig. II.7 SR-PXD data for saturated Zr2Ni deuteride (solid line). λ = 0.49956 Å. The dotted line is the 
simulated diffraction pattern for tetragonal Zr2Ni with the proper lattice expansion. Miller indices for this 
hypothetical tetragonal phase are given. Note that all peaks except 002 are split. 
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A larger monoclinic cell with a ≈ b ≈ √2atet, c ≈ ctet and β ≈ 90.3o, i.e. with a doubled area of 

the basal plan, was suggested by the powder-indexing program DICVOL [10] based on the 12 

best-resolved peaks in the SR-PXD pattern. A Rietveld refinement (Section I.4.1.2) showed 

that this unit cell describe most of the observed features well. The only major discrepancy is 

in the former 130 peak which gets the Miller index 240 after transformation to the double 

basal plane. 240 is only split in two (420 and 240) by the monoclinic distortion, while the 

observed multiplet consists of at least three peaks (Fig. II.8). The only way to split 240 

further is to introduce an oblique γ angle, rendering the symmetry triclinic. This results in a 

very good fit to the experimental data. Moreover, with triclinic symmetry it is unnecessary 

to double the basal plane. A simple triclinic unit cell gives an equally good fit 

(wRp = 6.29%, Fig. II.9). The refined unit cell parameters are 

a = 6.81744(8) Å b = 6.80177(8) Å c = 5.69042(4) Å   

α = 90.191(1) o β = 90.200(1) o γ = 90.2886(8)o 

The deviation from tetragonal symmetry is very small. The difference in length between the 

a- and b-axis is only 0.2% and the most oblique angle is less than 90.3o. This may seem 

almost insignificant, but the deviations are two orders of magnitude higher than the standard 
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Fig. II.8 Observed (circles), calculated (solid line) and difference (below) SR-PXD pattern for saturated 
Zr2Ni deuteride as obtained from Rietveld refinement with a unit cell with doubled basal plane and a 
slight monoclinic distortion. Bragg peaks are marked with vertical ticks. λ = 0.49956 Å. The inset show 
the misfit in the 240 (former 130) peak. The difference plot in the inset is scaled with a factor ½. 
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deviations of the lattice parameters, and they describe the observed SR-PXD peak splitting 

almost perfectly. The unit cell will hereafter be referred to as “the simple triclinic unit cell”. 
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Fig. II.9 Observed (circles), calculated (solid line) and difference (below) SR-PXD pattern for saturated 
Zr2Ni deuteride as obtained from Rietveld refinement with a slight triclinic distortion of the original 
tetragonal unit cell. Bragg peaks are marked with vertical ticks. λ = 0.49956 Å. The range in the inset shows 
the most resolved splittings in the pattern. 

The two-phase option turned out less successful. The presence of two tetragonal phases can 

be ruled out since it will only split each peak in two, while some of the observed multiplets 

(e.g. the 130 peak) clearly consist of at least three peaks. The possibility of two 

orthorhombic phases (which has been proposed by others [11]) is also easily excluded.  

It is harder to unambiguously rule out the presence of two monoclinic phases. However, 

relentless attempts were made to fit the data with two monoclinic phases of different kinds 

in Rietveld refinements. For simple monoclinic unit cells (both β ≠ 90o and γ ≠ 90o), the fits 

are very poor. Two monoclinic phases with double basal planes give a better fit although 

clearly inferior to the simple triclinic unit cell. Moreover, a PCT curve (Section I.2.1) 

measured at 323 K show no indications of any narrow two-phase region in the relevant 

composition range (Fig. II.10). Hence, triclinic distortion of the metal lattice was kept as the 

underlying working hypothesis for the further investigations. 
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A PND pattern was recorded with PUS (Section I.3.2.2.c) in the 2θ range from 2.5o to 130o 

using a wavelength of 1.555 Å. The PND pattern contains several peaks that cannot be 

indexed according to the proposed triclinic unit cell (Fig. II.11). A comparison with the 

PND diagram presented in Ref. [3] shows that the extra peaks agree well with previous 

observations (Section II.1). Since these peaks cannot be assigned to any probable impurity 

phase it can be concluded, like in Ref. [3], that they are caused by superstructure ordering of 

deuterium. 

The search for possible supercells was impeded by the fact that no ordering peaks were 

observed low scattering angles. Consequently, all ordering peaks were severely overlapping, 

making it impossible to determine their individual positions. Profile matching was therefore 

necessary to test different supercells. Since the neutron intensities were strongly dependent 

on the inherently unknown deuterium distribution, Le Bail refinements were used 

(Section I.4.1.2). Several supercells were constructed by multiplying one or more unit cell 

axes of the simple triclinic unit cell. The smallest supercell that make good account for the 

observed ordering peaks was obtained by tripling the length of the c-axis (Fig. II.12). Larger 
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Fig. II.10 PCT curve for Zr2Ni at 327 K. Note the two-phase region between the previously reported 
monoclinic phase (Zr2NiD~4) and a higher deuteride with end-composition Zr2NiD~4.4. Pressures lower 
than 3E-4 bar are set to 3E-4 bar. 
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supercells, e.g. ‘2a 2b c’f and ‘a 2b 2c’, did also fit the ordering peaks well. However, the 

density of possible Bragg peak positions at intermediate and high angles is very high for 

such large, low-symmetry unit cells and to distinguish between the different cells is highly 

ambiguous.  

Structure solution was attempted using Rietveld refinement with the ‘a b 3c’ unit cell. The 

ordered deuterium arrangement reported for Zr2NiD4 [4] (repeated 3 times in the c-

direction) was taken as the starting model. However, the deuterium arrangement in Zr2NiD4 

effectively blocks all vacant interstitial sites. Hence, the correct structure cannot be obtained 

merely by adding more deuterium to the Zr2NiD4 structure. A rearrangement of the 

deuterium lattice is necessary. The occupancies for all deuterium atoms were refined. Atoms 

with low refined occupancy were removed and new deuterium atoms were inserted in 

favourable positions located by Difference Fourier maps (∆F maps). The process was 

repeated several times. The refinements diverged frequently and eventually the strongest ∆F 

peaks appeared at unphysical positions, e.g. very close to metal atoms. This occurred while 

                                                 

f ‘xa yb zc’ refers to a supercell of the simple triclinic unit cell with x times elongation of the a-axis etc. 
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Fig. II.11 PND data (PUS, λ = 1.555 Å) for saturated Zr2Ni deuteride. Peaks that cannot be indexed 
according to the suggested simple triclinic unit cell are marked with asterisks (*). 
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the fit was far from acceptable (wRp = 17%), and the deuterium content was too low 

because each iteration removed approximately as many deuterium atoms as it added. 
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Fig. II.12 Le Bail fit with a tripled c-axis model to PND data (PUS, λ = 1.555 Å). The plotted range 
contains practically all observed ordering peaks (confer Fig. II.11). 

The process was repeated for the larger ‘a 2b 2c’ and ‘2a 2b c’ supercells. The fit turned out 

better as expected due to the increased number of parameters, but it was still far from 

satisfactory. 

Section summary and conclusion: High-resolution SR-PXD revealed a small, yet significant 

triclinic deformation of the metal lattice. PND proved that the deuterium sublattice forms a 

superstructure. The lack of success in describing the superstructure by Rietveld refinement 

may be ascribed to one out of two possible causes: Firstly, the correct unit cell may not 

have been found due to extensive peak overlap in the PND data. Attempts to solve a crystal 

structure in the wrong unit cell are obviously futile. Secondly, the Rietveld method is a 

technique for structure refinement; not structure determination. With the high number of 

structural parameters in the tested models, there was bound to be problems with instability 

and entrapment in false minima unless the starting model was very close to the correct 

solution. The Zr2NiD4 structure, which was taken as the starting point, may not have been 
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sufficiently close. Indeed, a rearrangement of the deuterium lattice must take place in order 

to accommodate more deuterium. 

II.3 New techniques and better data 

II.3.1 RMCPOW 
The computer program RMCPOW [12,13] (Section I.4.2) is developed to simultaneously 

analyze Bragg and diffuse scattering from disordered crystalline materials. It has further 

been used effectively to solve ordering in magnetic structures [14]. RMCPOW has the option 

to model structures by swapping the position of atoms of different kind instead of (or as a 

supplement to) displacive atomic movements. Such swapping of deuterium atoms and non-

scattering atoms representing vacant interstitial sites in a fixed metal matrix can be an 

effective way to model deuterium ordering. The method has the important advantages over 

Rietveld refinement that it is not susceptible to divergence. Furthermore, the solution space 

is vastly reduced since the occupancy of each deuterium site is a Boolean instead of a real 

number and the model is kept at its nominal composition throughout the modelling. This is 

obviously a disadvantage if the phase of interest is in fact only partly ordered. However, a 

PND measurement at 9K showed no change in the intensities of the ordering peaks relative 

to the other peaks (Fig. II.13), and it seems therefore reasonable to assume that the 

deuterium lattice is fully ordered at room temperature. The great disadvantage with the 

RMCPOW approach is that it is much slower than Rietveld refinements. 

The ‘a b 3c’ supercell was investigated first. The proper number of deuterium atoms was 

distributed over the ‘16l’g, ‘4b’ and ‘32m’ sites and atoms with zero scattering power 

(‘vacancies’) were put in the remaining sites. ‘16k’ sites were not considered due to low or 

zero occupancy in other Zr2Ni deuterides. Experimental data as a function of Q with 

constant step length (as required by RMCPOW) was prepared by interpolation in EXCEL. The 

ill-defined background between 2θ = 2.5o and 10o was replaced by a flat background to 

exclude solutions with significant ordering peaks in the measured low-angle range. Only 

swap moves were used and a simulated annealing scheme was followed (Section I.4.1.1.b). 

Deuterium atoms in face-sharing tetrahedra were forbidden. The resulting fit was hideous 

(wRp = 28.3%). Most of the observed ordering peaks got no (or very little) calculated 

                                                 

g Wyckoff positions in simple quotation refer to interstitial sites as described for Zr2Ni with I4/mcm symmetry 
in Section II.1. 
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intensity while some ordering peaks that were not observed got appreciable calculated 

intensity. The ‘a b 3c’ model was therefore abandoned. 
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Fig. II.13 PND diagram for saturated Zr2Ni deuteride at 9 K and 298 K (shifted down the y-axis for 
clarity). The additional peaks in the low-temperature diagram are due to scattering from the crystat. 
Note that the relative peak intensities are similar for the two temperatures, which indicate that the 
deuterium lattice is close to fully ordered 298K 

Both ‘2a 2b c’ and ‘a 2b 2c’ seemed like reasonable candidates to try next, thus a ‘2a 2b 2c’ 

model was constructed. Such a model may accommodate both ‘2a 2b c’ and ‘a 2b 2c’ 

ordering by translational symmetry within the supercell. The modelling was performed in 

the same manner as with the ‘a b 3c’ model. A significantly better, although still not good, 

fit was achieved (wRp = 19.5%, Fig. II.14). 

Deployment of displacive D atom moves with reasonable constraints on the M-D distances 

[(Zr-D)min = 2.0 Å and (Ni-D)min = 1.5 Å which is slightly less than typical literature values] 

did not greatly improve the fit (wRp = 17.4%). 

Simulations with the smaller ‘a 2b 2c’ supercell was carried out to decrease the number of 

local minima. The obtained fit was somewhat inferior to that for the ‘2a 2b 2c’ model. 

Examination of the structure models obtained by RMCPOW revealed an interesting common 

feature. The ‘4b’ sites were always close to 50% occupied. Moreover, there was a strong 

tendency for an occupied ‘4b’ site to have at least one occupied edge-sharing neighbour in 

the ‘4b’-chain (see Section II.1). No trends were seen in the occupation of the other types of 

interstices. This led to the idea that the ordering could occur over only some types of 

interstitial sites (i.e. the ‘4b’ sites) while other sites had a disordered deuterium distribution. 



 44

Since the filling scheme of ‘4b’ impose rather strict limitations on the filling of ‘16l‘, they 

were both assumed to contribute to the ordering while ‘32m’ was assumed to be disorderly 

occupied. In the earlier structure models, the ‘32m’ sites were typically 35% occupied. 

Hence, the atoms and vacancies in the ‘32m’ sites were replaced by a single atom type with 

a scattering length of 0.35bD. The proper ratio of deuterium atoms and vacancies were kept 

in the Zr4 sites and allowed to swap. The resulting fit was by far poorer than those obtained 

with the fully ordered models (wRp = 26%). The occupancy of the ‘32m’-sites was varied 

within reasonable limits without further improvement. 
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Fig. II.14. Fit obtained by RMCPOW to PND data (PUS, λ = 1.555 Å) with 2x2x2 supercell and constraint 
to avoid deuterium in face-sharing tetrahedra. 

II.3.2 A new measurement at PUS 
A gain in ∆d/d resolution can be achieved at PUS by going to the higher wavelengths 

offered by the 311 monochromator plane [15], but this option is seldom used because the 

monochromised beam is contaminated by higher harmonic wavelengths (i.e. λ/2 and λ/3 in 

addition to λ). However, no strong peaks from higher harmonic wavelengths were expected 

to interfere with the ordering peaks. Therefore, the sample was measured at PUS with 

λ = 2.436 Å (311 monochromator plan, 90o take-off angle). 
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The gain in resolution was substantial compared to λ = 1.555 Å (Fig. II.15). Ordering 

multiplets that are broad, featureless humps at λ = 1.555 Å have clear features at 

λ = 2.436 Å. The peaks are shifted to slightly higher Q in the high-λ measurement. This is 

attributed to the fact that the sample had been stored (under argon atmosphere) for several 

months prior to the measurement and could thereby have lost some deuterium. The same 

was indicated by lab-PXD, but there was no sign of change of structure type or symmetry.  

The enhanced resolution made far better distinction between the previously tested 

supercells. Among the unit cells with V ≤ 4Vsimple, the ‘a 2b 2c’ was found to be the best 

choice. ‘a b 3c’ and ‘2a 2b c’ were rejected based on clear positional misfits in the Le Bail 

plots. 

Further analysis of the new high-λ PUS data was not performed in RMCPOW but rather in the 

computer program FOX [16] (Section I.4.1.1.b) which became available at that time. 
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Fig. II.15. PND data (PUS) collected for saturated Zr2Ni deuteride with λ = 1.555 Å (lower line) and 
λ = 2.436 Å (upper line). The data are plotted on a Q-scale to facilitate comparison. Note the improved 
resolution at the highest wavelength. 
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II.3.3 FOX (Free Objects for Xtallography)  
Parallel tempering (Section I.4.1.1.b) was performed in FOX with the ‘a 2b 2c’ unit cell. The 

metal atoms were kept fixed at the positions determined from SR-PXD. 80 deuterium atoms 

were randomly distributed within the model giving the composition Zr2NiD5. FOX does not 

support swap moves, hence no “vacancies” were introduced. As before (Section II.3.1), an 

artificial flat background was added in the measured low-angle region. In addition, two 

areas (2θ = 10o-27o and 43o-49o) that only contained peaks from higher harmonic 

wavelengths were replaced by a flat background as well. Soft constraints were put on the 

minimum interatomic distances: (Zr-D)min = 1.95 Å, (Ni-D)min = 1.45 Å and (D-D)min = 

2.0 Å which are all about 0.05 Å shorter than the shortest distances found in Zr2NiD4.2. 

The fit to the experimental data was far better than that achieved with RMCPOW (wRp ~ 6%h, 

Fig. II.16), but the model was highly disordered. In fact, a large fraction of the deuterium 

atoms had moved away from the tetrahedral interstices and ended up very close to the 

triangular faces of the tetrahedra. There was no apparent system in the deuterium 

arrangement. With a heavy weight on the distance constraints, the fit became comparable to 

that obtained with RMCPOW. Optimization of the occupancies rather than the positions was 

also performed without success. 
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Fig. II.16 PND fits obtained by parallel tempering in FOX. A measurement with improved counting 
statistics of the area with ordering peaks was included as a separate data set (right). 

The number of observed PND ordering peaks is small compared to the number of possible 

ordering peaks from a large triclinic unit cell. This indicates that the deuterium lattice, in the 

same manner as the metal lattice, is close to having a higher symmetry than triclinic. Hence, 

FOX was run with pseudo-symmetry elements in the structure model. To be able to use four-

                                                 

h The R-factors obtained in RMCPOW and FOX are not directly comparable because background-subtracted data 
were used in RMCPOW.  
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fold pseudo-symmetry axes, a ‘2a 2b 2c’ model was used. The metal lattice of the supercell 

is compatible with four-fold axes of both proper, screw (42 but not 41) and inversion type. 

Hence, ‘parallel tempering’ was performed in the (pseudo-) space groups P4, P42 and P 4 . 

The obtained fits were of rather similar quality for the three pseudo-symmetries 

(wRp ~ 9%), and the intensity misfits clearly showed that they were not worth further 

investigations. Space groups of lower symmetry down to P2/m were also tried without 

success. 

Section summary and conclusion: PND data with better resolution made it possible to 

exclude some of the previously suggested supercells. Robust but time-consuming Monte 

Carlo methods were used rather than Rietveld refinement to search for the proper 

deuterium distribution. Models with pseudo-symmetry and partial order were considered as 

well as unconstrained models. The lack of success was taken as a strong indication that the 

correct unit cell was not yet found. 

II.4 Batch Rietveld refinement for testing of unit cells 
Due to the high density of possible peaks from the ‘a 2b 2c’ unit cell, it was pointless to 

consider larger unit cells. Most supercells with V > 4Vsimple will probably account perfectly 

for the ordering peaks, rendering it impossible to prefer one to another. 

However, far from all supercells with smaller volumes had been considered. Supercells 

made by elongation of one or more axes are only a subgroup of the possible supercells. In 

fact, any set of three none-coplanar vectors that are linear combinations of the simple 

triclinic unit cell vectors, represent a potential supercell. An immense number of untried 

possibilities did therefore exist. 

The Rietveld refinement program RIETICA [17] can be set up to run batches of refinements 

through a programming language called RietBasic. This offered the opportunity to perform 

mass testing of unit cells with Le Bail-refinements. 

MATHEMATICA [18] was used generate a list unit cell parameters based on the following 

linear combinations of simple triclinic unit cell vectors: 

asuper = da + eb + fc  (d = 0,1,2; e = 0,1,2; f = 0,1,2) 

bsuper = ga + hb + ic  (g = -2,..,2; h = -2,..,2; i = -2,..2) 

csuper = ja + kb + lc  (j = -2,..,2; k = -2,..,2; l = 1,2) 
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This gave 168 750 unit cells among whom 139 068 had a finite volume. 26 542 of these had 

only twice the volume of the simple triclinic unit cell. The text editor NOTETAB [19], which 

includes a simple but powerful programming language for text editing and file management, 

was used to generate one input file for RIETICA from each of these supercells. The input files 

were run in sequence with 18 refinement cycles each and χ2 was output for each. Only the 

Bragg peak intensities were refined. The computation time for each unit cell was about 

1 second, implying that all the 26 542 unit cells were tested in less than 8 hours. The 

distribution of χ2s is shown in Fig. II.17. There was actually one supercell that stuck out 

with a lower χ2 than the rest (χ2 = 4.77). The fit was comparable to that obtained with the 

twice-as-large ‘a 2b 2c’ supercell (χ2 = 3.745). The unit cell parameters were  

a = 18.9208 Å  b = 19.2770 Å  c = 16.2502 Å  

α = 27.17°   β = 78.10°   γ = 104.74° 

which were obtained by the following linear combinations: 

asuper = a + 2b + 2c 

bsuper = 2a - 2b 

csuper = a - b + 2c 

The small α-angle led to a rather oddly shaped, flat unit cell. There was, however, no reason 

to reject the unit cell on that basis. Hence, the supercell was introduced in FOX and 

modelling was carried out in P1. The fit got rather good (wRp ~ 7%), but the model 

exhibited great problems with short interatomic distances. More than half of the deuterium 
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atoms were engaged in D-D-distances below 1.9 Å. The calculation was redone with heavy 

weight on the distance constraints. The resulting model was in poor agreement with the data 

(wRp ~ 18%) 

A batch Le Bail-refinement was run with the 10 344 generated supercells with V = 3Vsimple. 

The best result was actually poorer than the best solution with double volume (χ2 = 5.336) 

and no further testing of these supercells was performed. 

Section summary and conclusion: There exist supercells with only twice the volume of the 

simple triclinic unit cell that are consistent with the observed PND ordering peaks. Many 

thousand possibilities were tested by batch Le Bail refinement and structure solution was 

attempted in the supercell that best described the position of the ordering peaks. No 

plausible structure model was found. A great number of supercells offered an almost 

equally good description of the ordering peaks, but their internal rating is probably very 

sensitive to the profile shape parameters and the unit cell parameters of the simple triclinic 

unit cell used to generate the supercells. Hence, the assignment of the “best” supercell is 

most likely highly ambiguous. 

II.5 HRPD data from ISIS 
The time-of-flight (TOF) diffractometer HRPD at the spallation neutron source ISIS, 

Didcot, UK offers the highest resolution PND data in the world at present (Section I.3.2.2.c, 

Fig. I.10). PND data for saturated Zr2Ni deuteride from the HRPD backscattering detector 

are compared to the high-λ PUS data in Fig. II.18 and the gain in resolution is remarkable. 

Still, there is considerable peak overlapping. 

Based on the HRPD data, a new batch refinement of supercells with V = 2Vsimple was carried 

out in RIETICA. The Le Bail-refinements were much slower than with the PUS data due to a 

much higher number of data points and probably also to the more complicated peak shape 

function. In addition, 24 cycles were used instead of 18 because the convergence was 

slower. By excluding all data above Q = 3.8 Å-1 and two areas with no Bragg peaks, the 

computation time got down to 9 seconds pr unit cell. Hence, the batch refinement took about 

72 hours to complete. 

A different, but again rather oddly shaped, supercell obtained the best fit, χ2 = 10.087. Its 

unit cell parameters were 
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a = 17.7237 Å  b = 19.0235 Å  c = 16.2116 Å  

α = 67.055°   β = 29.931°   γ = 96.395° 

which are given by 

asuper = 2a + 2c 

bsuper = 2a + 2b – 2c 

csuper = 2a + b + c 
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Fig. II.18 PND data for saturated Zr2Ni deuteride from PUS (λ = 2.436 Å, upper line) and HRPD 
(backscattering, lower line) The data are plotted on a Q-scale for easier comparison. Note the superior 
resolution at HRPD. 

The choice of method for further analysis was not obvious. RMCPOW only had a simple and 

not very well documented TOF profile function, and FOX did not handle TOF-data at all. 

Hence, Rietveld refinement was attempted again. Space group P 1   was chosen to minimize 

the number of parameters. A different refinement strategy than previously (see Section II.2) 

was used due to the lack of good Difference Fourier map generation in RIETICA. The 

deuterium site occupancies were refined in groups of 8 sites. Those that obtained occupancy 

less than 50% were set to zero while the others were set to 100%. When all deuterium 
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positions had been set to zero or 100%, the process was repeated iteratively for groups of 

atoms with 0 or 100% occupancies, respectively. Divergence was not as great a problem as 

with the 2θ-data, but the fit was never acceptable (wRp > 30%).  

Section summary and conclusion: Peak overlap was a great problem even with the highest-

resolution PND data in the world available. Hence, profile matching with its already 

described shortcomings remained the only proper way to test supercells.  

II.6 High-d peaks unveiled 

II.6.1 Transmission Electron Microscopy - TEM 
Since triclinic symmetry gives no systematic extinctions, there should be ordering peaks 

with weak but non-zero intensity at low scattering angles. Such peaks would be very useful 

for determination of the unit cell. 

Electrons interact about three orders of magnitude stronger with matter than X-rays do [20]. 

Electron diffraction in a TEM was therefore attempted to detect such extremely weak Bragg 

peaks from the periodic perturbation that necessarily must be imposed on the metal lattice 

 
Fig. II.19. Electron diffraction pattern (JEOL 2000FX) of saturated Zr2Ni deuteride in the [1 0 0] 
projection. The area with the grey sphere boxed is showed enlarged (right) with Miller indices according 
to the simple triclinic unit cell. The weak ordering peaks are marked with green circles. 
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by the ordered deuterium lattice. 

Diffraction patterns were recorded for several projections for one single crystallite in a tilt 

series on a JEOL 2000 FX microscope (acceleration voltage 200 V). The [0 0 1]i projection 

can be fully indexed according to the simple triclinic unit cell. The [1 0 0] projection, on the 

other hand, contains some weak Bragg reflections with non-integer k and l indices. One of 

them has a higher d-value than any reflection from the simple triclinic unit cell. It could be 

indexes as 0 ½ ½ (Fig. II.19). All the remaining ordering reflections can be assigned n/2 

indices. A 3D picture of the reciprocal lattice is drawn on basis of the various projections 

(Fig. II.20). Some of the possible Bragg peaks are not observed. 
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Fig. II.20. A 3D sketch of the reciprocal lattice of saturated Zr2Ni deuteride based on TEM in various 
projections. Large black spheres denote strong Bragg peaks, small black spheres weak Bragg peaks and 
open spheres non-observed Bragg peaks. The foremost face of the figure corresponds to the projection 
shown in Fig. II.19. Miller indices according to the “double prismatic plane” unit cell are included (see 
text). 

                                                 

i Directions refer to the simple triclinic unit cell. 
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All peaks take integer h when indexed according to the simple triclinic unit cell, which 

indicate that the ordering takes place in the bc-plane without any change in periodicity along 

the a-axis. The reciprocal lattice could clearly be indexed according to the previously 

suggested ‘a 2b 2c’ supercell, as all the n/2 indices would turn into integer n indices. 

However, it is possible to index the reflections on smaller unit cells. The smallest possible 

unit cell is constructed by keeping a and b from the simple triclinic unit cell and setting the 

new c as the diagonal of the prismatic plane, i.e. csuper = b + c, which transform 0 ½ ½ into 

0 0 1. This unit cell has the same volume as the simple one. However, a Le Bail-refinement 

immediately showed that it do not account for most of the observed PND ordering peaks.  

A reasonable unit cell to consider next was obtained by setting both bsuper and csuper as 

diagonals of the prismatic plane of the simple unit cell (Fig. II.21), i.e.: 

asuper = a 

bsuper = b - c 

csuper = b + c 

This supercell, called ”double prismatic plane” (DPP) supercell, has twice the volume of the 

of the simple triclinic unit cell. A Le Bail-refinement showed an excellent agreement with 

the HRPD neutron diffraction data (Fig. II.22). The lattice parameters changed only slightly 

(0.005 Å / 0.06o or less) during the refinement, and their refined values are 

a = 6.81431(6) Å b = 8.87897(9) Å c = 8.85006(9) Å 

α = 79.8339(8)o β = 90.3562(9)o γ = 90.088(1)o 

a b

c

 
Fig. II.21 Four simple triclinic unit cells (metal atoms only) with the ”double prismatic plane” unit cell 
outlined (thick line). 
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II.6.2 High-quality low-angle PND data 
The DPP supercell was further supported by PND data (λ = 1.886 Å) measured a few 

months earlier at the constant wavelength instrument HRPT at the Paul Scherrer Institute 

(PSI) in Switzerland (Section I.3.2.2.c). The data were initially not considered in detail 

because they did not offer better resolution than PUS in the intermediate Q-range (Fig. I.10). 

However, a re-examination showed good statistics on a well-defined background down to 

Q = 0.28 Å-1 (d = 22.4 Å). A few weak low-angle peaks could not be indexed according to 

the simple triclinic unit cell. In fact, one of them corresponds to the 0 ½ ½ peak observed 

with TEM. All the peaks are described by the DPP supercell (Fig. II.23). 
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Fig. II.22 Le Bail fit of the “double prismatic plane” unit cell to HRPD data (backscattering). wRp = 5.3% 
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Fig. II.23 Le Bail fit to the low-angle part of PND data (HRPT, PSI, λ = 1.886 Å) with the DPP unit cell. 
Peaks marked with asterisks (*) are not consistent with the simple triclinic unit cell. 

II.7 Structure solution and refinement 
Rietveld refinement with the DPP supercell and HRPD data displayed the same difficulties 

with instabilities and poor fits as previously. Hence, Monte Carlo methods again seemed to 

be an attractive alternative. The TOF profile shape function implemented in RMCPOW is a 

back-to-back exponential convoluted with a simple Gaussian function (as opposed to a 

back-to-back exponential convoluted with a pseudo-Voigt function in RIETICA). The profile 

function was evaluated in RMCPOW by comparing HRPD data from a Si standard with the 

calculated Si scattering from RMCPOW (Fig. II.24). There is a clear misfit due to the lack of a 

Lorentzian component in the calculated peaks, but it was still considered worthwhile to 

attempt a structure solution with the DPP supercell and the HRPD data. 

RMCPOW was run with the constraint that deuterium atoms should not occupy face-sharing 

tetrahedra. The obtained fit is shown in Fig. II.25. There were significant intensity misfits 

(wRp = 18.3%), yet the model was transferred to RIETICA to access a better profile function 

and to refine the atomic positions.  

The fit was immediately improved by the Lorentzian component in the profile shape, and 

refinement of deuterium positions in batches of 10 atoms made further improvement. 

However, several short interatomic distances emerged and the refinement was unstable. 
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Fig. II.24 Fit to PND data for a Si standard (HRPD, backscattering) with the simple Gaussian TOF 
profile function in RMCPOW. The strongest peak is shown inset to illustrate the misfit due to lack of 
Lorentzian component. 
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Fig. II.25 Fit to PND data from saturated Zr2Ni deuteride (HRPD, backscattering) with DPP unit cell 
model in RMCPOW. 
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Fig. II.26 Fit to HRPD a) backscattering- and b) 90o data of saturated Zr2Ni deuteride obtained by 
simultaneous Rietveld refinement in GSAS with the DPP unit cell. wRp =5.99% and 3.69%, respectively. 
The intensity mismatch discussed in the text is shown inset in a). The same peaks in the 90o data are 
marked by a parenthesis in b). 
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To stabilize the refinement and avoid too short atomic separations, further structure 

refinement was carried out in Rietveld program GSAS [21] where soft constraints can be put 

on the interatomic distances. The following soft constraint distances were used: Zr-D: 2.1 Å; 

Ni-D: 1.6 Å; D-D: 2.1 Å. The constrains were weight so that they were fulfilled within 

approximately 0.1 Å. Simultaneous refinements were carried out to the backscattering and 

90o data from HRPD and the low-angle part of the diffractogram from HRPT at PSI. All the 

atomic positions (except one to define the origin in P1) could be refined simultaneously 

without divergence. Most atoms shifted only slightly from their original positions, but four 

D atoms repeatedly moved substantially away from the centres of the tetrahedral sites. 

These atoms were deleted from the structure model and one new deuterium site was located 

by ∆F mapping giving the composition Zr2NiD4.5 (Zr16Ni8D36). The program ADDSYM [22] 

indicated a symmetry centre at (¼ ¼ ½) of the refined structure model and suggested C-

centring. Rietveld refinement in the non-standard space group C 1   did only deteriorate the 

fit to a minor extent compared to P1 although the number of positional parameters was 

reduced by a factor 4. The TEM data, however, are inconsistent with C-centring since e.g. 

010 and 0 1  2 are observed. Hence, the structure is only pseudo-C-centred, and space group 
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Fig. II.27 Fit to low-angle part of PND data (HRPT) of saturated Zr2Ni deuteride obtained by 
simultaneous Rietveld refinement in GSAS with DPP unit cell (see also Fig. II.26). 
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P 1   was used. It is interesting to note that all the Bragg peaks that are not observed in TEM 

would be systematically absent with C-centring. 
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Fig. II.28 Agreement between SR-PXD data and structure model for Zr2NiD4.5 refined from PND data 
wRp = 5.15%. Peaks that are inconsistent with the simple triclinic unit cell are marked with asterisks 
(*). Note that the structure model is not refined with the SR-PXD data. The intensity scale is only 5% of 
the strongest peak which is why the main peaks appear poorly fitted. The fits of the main peaks are 
comparable to those shown in Fig. II.9 

The obtained fits are in general good except in the highest-TOF region of the backscattering 

data from HRPD where a multiplet is clearly under-fitted (Fig. II.26a). Oddly, the same 

multiplet is adequately fitted for the data from the 90o detector bank (Fig. II.26b). It may be 

noted that the misfits were less severe in RIETICA with the same structure model. In 

addition, there were distinct problems in the GSAS fit to BS-HRPD data in the same high-

TOF range from a CeO2 standard. Hence, it is suspected that the misfits were mainly due to 

some shortcoming in the profile calculation in GSAS rather than the structure model. 

The SR-PXD data were not included in the refinement because of a slight difference in the 

unit cell volume due to deuterium desorption over time. However, the structure model was 
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only. The obtained fit was better than that obtained by structure refinement in the simple 

triclinic unit cell (wRp = 5.15% vs. 6.29%). Fascinatingly, the structure model even made 

0

20000

40000

60000

80000

100000

120000

In
te

ns
ity

 [a
rb

. u
ni

ts
]

Q [Å-1]
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

-12000

0

12000



 60

account for some minute peaks that were inconsistent with simple triclinic unit cell (Fig. 

II.28). This give strong additional support to the proposed structure model. 

Table II.2 Structural parameters for Zr2NiD4.5 as refined from PND data from HRPD and HRPT. Biso 
are constrained to be equal for each element. Space group P 1  .All Wyckoff positions are 2i. 
a = 6.81562(7) Å, b = 8.8800(1) Å, c = 8.85136(9) Å, α = 79.8334(8)o, β = 90.3633(9)o, γ = 90.0984(9)o.  

Atom x y z Biso (Å2) I4/mcm site  

Ni1 0.253(1) 0.399(1) 0.856(1) 0.36(2) 4a  

Ni2 0.250(1) 0.620(1) 0.624(1) 0.36(2) 4a  

Ni3 0.253(1) 0.103(1) 0.150(1) 0.36(2) 4a  

Ni4 0.250(1) 0.874(1) 0.371(1) 0.36(2) 4a  

Zr1 0.434(1) 0.830(1) 0.083(1) 0.24(2) 8h  

Zr2 0.092(2) 0.168(1) 0.422(1) 0.24(2) 8h  

Zr3 0.904(2) 0.916(1) 0.165(1) 0.24(2) 8h  

Zr4 0.586(2) 0.082(1) 0.341(1) 0.24(2) 8h  

Zr5 0.402(2) 0.420(1) 0.166(1) 0.24(2) 8h  

Zr6 0.914(2) 0.417(1) 0.662(1) 0.24(2) 8h  

Zr7 0.413(2) 0.335(1) 0.574(1) 0.24(2) 8h  

Zr8 0.918(1) 0.319(1) 0.080(1) 0.24(2) 8h  

D1 0.759(2) 0.363(1) 0.874(1) 1.02(2) 4b  

D2 0.753(2) 0.123(1) 0.119(1) 1.02(2) 4b  

D3 0.122(2) 0.376(2) 0.495(2) 1.02(2) 16l  

D4 0.113(2) 0.360(1) 0.2366(9) 1.02(2) 16l  

D5 0.633(2) 0.872(1) 0.2669(9) 1.02(2) 16l  

D6 0.868(2) 0.003(1) 0.383(1) 1.02(2) 16l  

D7 0.381(2) 0.501(1) 0.375(1) 1.02(2) 16l  

D8 0.620(2) 0.876(1) 0.501(2) 1.02(2) 16l  

D9 0.048(2) 0.306(2) 0.860(1) 1.02(2) 32m  

D10 0.544(2) 0.802(1) 0.854(1) 1.02(2) 32m  

D11 0.461(2) 0.698(1) 0.638(1) 1.02(2) 32m  

D12 0.030(2) 0.807(1) 0.362(1) 1.02(2) 32m  

D13 0.836(2) 0.543(1) 0.994(1) 1.02(2) 32m  

D14 0.952(1) 0.898(1) 0.944(1) 1.02(2) 32m  

D15 0.670(2) 0.954(2) 0.003(1) 1.02(2) 32m  

D16 0.161(2) 0.758(1) 0.700(2) 1.02(2) 32m  

D17 0.342(2) 0.735(1) 0.297(2) 1.02(2) 32m  

D18 0.465(1) 0.385(1) 0.942(1) 1.02(2) 32m  
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The pseudo-centrosymmetric structure model obtained in space group P1 was relaxed using 

density functional band-structure calculations with the program VASP [23,24]. The relaxed 

structure was only slightly different from the starting point and the atomic arrangement had 

actually moved closer to true centrosymmetry. The calculation was rerun in P 1   and the 

energy difference compared to the P1 structure was less than 0.01 eV pr unit cell, which is 

below the uncertainty in the calculation. Hence, the DFT calculations show that the structure 

model is physically feasible and indicate that it is truly centrosymmetric.  

II.8 The crystal structure of Zr2NiD4.5 
The structural parameters from the Rietveld refinement of Zr2NiD4.5 are given in Table II.2. 

50% of the ‘4b’ sites are occupied. The ‘4b’ tetrahedra form isolated chains by edge-sharing 

in the [0 1   1] direction (i.e. parallel to the former c-axis; see Fig. II.2). There is a repeating 

pattern of two occupied tetrahedra followed by two empty ones in each chain as shown in 

Fig. II.29. This feature was actually seen in several earlier structure models based on wrong 

unit cells. The chains are displaced relative to each other, such that the occupied ‘4b’ 

tetrahedra are located in layers parallel to the ab-plane. The ‘16l’ sites within the same 

layers are empty due to face-sharing with the occupied ‘4b’ sites. Between the occupied ‘4b’ 

layers, on the other hand, are the ‘16l’ sites occupied to the maximum possible extent 

without face-sharing (Fig. II.30a). Any given empty ‘4b’ tetrahedron shares all its four faces 

with ‘16l’ tetrahedra of which three are occupied by deuterium. The unoccupied ‘16l’ site 

shares a face with an occupied ‘16l’ tetrahedron around the adjacent ‘4b’ tetrahedra. The 

filling scheme of the ‘16l’ sites may alternatively be described with basis in the chains of 

alternating face- and corner-sharing ‘16l’ tetrahedra (Fig. II.3). The chains are filled in two 

different ways (Fig. II.30b). Half of the chains are 50% filled, with deuterium in every 

second pair of corner-sharing tetrahedra. The other half is 25% filled, with three empty sites 

between each occupied one. Thus, 3/8 (37.5%) of the ‘16l’ sites are occupied by deuterium. 

The occupation of the ‘32m’ sites is best visualized by the deuterium coordination around 

the Ni atoms. Each Ni atom is coordinated by 8 ’32m’ sites (Fig. II.4). Half of the Ni atoms 

have two deuterium atoms in their surrounding sites, while the rest are 3-coordinated. Fig. 

II.31a shows that 3-coordinated Ni atoms occur as pairs separated by pairs of 2-coordinated 

Ni along the Ni-chains. Deuterium occupation occurs only in a subset of the ‘32m’ sites 

which is given by fourfold symmetry along the Ni-chains as seen in Fig. II.31c. 
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The ’32m’ sites are not occupied to the maximum extent possible without coming in conflict 

with the remaining sites. Only one out of the 8 ‘32m’ sites around a 3-coordinated Ni atom 

is blocked by an occupied ‘16l’ site. Hence, these Ni atoms could actually be 4-coordinated 

by deuterium, yielding an overall composition Zr2NiD5 without violation of the Switendick 

b

c

 

Fig. II.29 Occupied ‘4b’ tetrahedra (yellow) in Zr2NiD4.5. 4 unit cells are outlined. 

b

c

b

c

Fig. II.30 a) Occupied ‘16l’ tetrahedra (yellow) in Zr2NiD4.5. 4 unit cells are outlined. b) The two types of 
filling of the chains of ‘16l’ tetrahedra. 

a) b) 
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criterion. Structure models with 4-coordination were tested by Rietveld refinement, 

however, the resulting fits were vastly inferior to those obtained with 3-coordination.  

All unoccupied ‘4b’, ‘16l’ and ‘32m’ are blocked according to the Switendick criterion with 

the deuterium arrangement described above. Deuterium contents higher than Zr2NiD4.5, 

which is observed experimentally (e.g. Fig. II.10), may be explained by a rearrangement of 

the deuterium atoms in ‘32m’ as described above (i.e. a transition from 3 to 4-coordinated 

Ni). Another possibility is that deuterium beyond 4.5 pr formula unit is accommodated in 

Zr2Ni2 sites (‘16k’). The latter explanation is supported by earlier investigations. Baudry 

et al. observed highly mobile hydrogen atoms in Zr2NiH4.8 [25] while the mobility of 

hydrogen is smaller in Zr2NiH4.5 [26,27]. The difference is suggested to be due to a slight 

filling of Zr2Ni2 sites in Zr2NiD4.8. Moreover, Chikdene et al. [3] observed a deuterium 

occupation of Zr2Ni2 sites in disordered Zr2NiD4.8 at 420 K, which roughly corresponded to 

the increase in deuterium content above Zr2NiD4.5. 

b

c

a

bc

Fig. II.31 a) Ni-D coordination in Zr2NiD4.5. The deuterium atoms are situated in ‘32m’ sites. b) The two types of D 
coordination around Ni. Pointed bonds are from Ni to empty ‘32m’ sites. The view direction is parallel to the Ni-
chains. c) Ni-D coordination viewed along the Ni-chains. Note that there is a subset of ‘32m’ with 4-fold symmetry 
around the Ni-chains in which there is no D occupation. 

a) b) 

c) 
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II.9 Summary 
The crystal structure determination of Zr2NiD4.5 turned out to be a challenging problem. A 

combination of experimental and analytical techniques was employed; each contributing 

with unique information. 

SR-PXD showed that the metal lattice has strong resemblance with that of the deuterium-

free alloy. Analysis of the peak splitting indicates that there is a slight but significant 

deformation to triclinic symmetry. 

PND showed that the deuterium atoms form a superlattice. It was impossible to establish the 

unit cell with confidence from PND data alone, even though high-resolution TOF data were 

available. 

Electron diffraction in a TEM indicated that the deuterium ordering take place in the bc-

plane and that the periodicity along the a-axis is unchanged. 

A unit cell suggested from the TEM data was consistent with the available PND data. 

Structure determination was performed with a Monte Carlo search in a highly constrained 

solution space by optimalization of Boolean occupancy factors. Structure refinement was 

performed by the Rietveld method in space group P 1   with soft distance-constraints to high-

resolution PND data. The structure model was supported by DFT calculations. It was further 

supported by the fact that it described minor ordering peaks in the SR-PXD data even 

though these data were not directly used in neither the structure solution nor in the structure 

refinement. 

Zr2NiD4.5 is pseudo C-centred monoclinic. The metal lattice is pseudo I-centred tetragonal. 
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Abstract 
 
Zr2Ni (tetragonal, Al2Cu–type structure) absorb deuterium up to composition Zr2NiD4.8. The crystal structures 

of Zr2Ni deuterides are investigated at ambient and elevated temperatures. Synchrotron radiation powder x-ray 

diffraction (SR-PXD) reveals a triclinic distortion of Zr2NiD4.8 at room temperature; a = 6.81744(8) Å, 

b = 6.80177(8) Å, c = 5.69042(4) Å, α = 90.191(1)o, β = 90.200(1)o, γ = 90.2886(8)o, space group P 1  . On 

heating to 473 K in a closed, small-volume capillary, the metal sublattice of the deuteride returns to tetragonal 

symmetry with a modest loss of deuterium. Powder neutron diffraction (PND) shows that the saturated 

deuteride takes a superstructure at room temperature. On heating under isobaric conditions (1 bar D2) the 

ordering gradually vanish and the deuterium content is reduced considerably. PND data recorded at 373 K, 

473 K and 573 K can be adequately fitted with simple tetragonal unit cells although remnants of ordering 

peaks are present up to 473 K. Four crystallographically different sites in the tetragonal structure were found to 

be occupied by deuterium. The site preference is mainly dependent on sample composition and to less extent 

on the temperature. Decomposition starts at 723 K. The sample is completely decomposed into tetragonal ZrD2 

and Zr7Ni10 at 873 K. 
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Deuterium site preference. 
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1 Introduction 

Several intermetallic compounds with the tetragonal Al2Cu-type structure (space group 

I 4/m c m) form metal hydrides. In most cases, the tetragonal symmetry is retained on 

hydrogenation (or deuteration), e.g. Th2AlD4 (space group I4/mcm) [1], Zr2FeD5 (P4/ncc) 

[2], Zr2CoD5 (P4/ncc) [3], Nb2(Co,Si)D1.25 (I4/mcm) and Nb2(Ni,Si)D1.35 (I4/mcm) [4]. 

Zr2Ni, which forms hydrides with maximum hydrogen content corresponding to about 

Zr2NiH5, is the only known exception. Chickdene et al. noted some unindexed reflections in 

the PND pattern for Zr2NiD4.8, which was proposed to origin in an orthorhombic supercell 

with doubled a- and c-axis due to deuterium ordering [5]. These ordering peaks disappeared 

on heating to 420 K. Later, Elcombe et al. found from PND and SR-PXD that Zr2NiD4.2 is 

slightly monoclinically distorted (a ≈ b ≠ c, β = 91o, space group I 2/c) [6]. The deuterium 

sublattice is partially ordered without formation of a superstructure. Aubertin et al. observed 

peak splittings in the powder x-ray diffraction reflections for Zr2NiD5.1, however, the 

splitting indicated a monoclinic deformation in the basal plane (i.e. γ ≠ 90o) rather than in 

the prismatic plane as found by Elcombe et al. for Zr2NiD4.2 [7]. No unit cell parameters 

were determined for Zr2NiD5.1. Hence, questions regarding symmetry and structure of both 

the metal- and deuterium sublattices in the saturated Zr2Ni deuteride are still open. 

There are 4 different tetrahedral sites available for deuterium occupation in Zr2Ni. Two of 

them, with Wyckoff positions 16l and 4b, are coordinated by 4 Zr atoms. The 32m site is 

coordinated by 3 Zr and 1 Ni whereas the fourth site, 16k, is coordinated by 2 Zr and 2 Ni. 

 
Fig. 1 The crystal structure of Zr2Ni. The four types of tetrahedrally coordinated interstices are 
outlined and marked by their Wyckoff position. Space group I4/mcm. Light grey spheres are Zr. Dark 
grey spheres are Ni. 



 3

The different sites are shown in Fig. 1. The tetrahedra share all their faces with other 

tetrahedra. This imposes limitations on the filling of the sites, since deuterium atoms in 

face-sharing tetrahedra would be separated by much less than 2 Å, which is unlikely 

according to the Switendick criterion [8,9]. All 16l, 32m and 16k tetrahedra share one or two 

faces with tetrahedra of their own kind. Hence, these sites may maximally be 50% occupied 

if close deuterium separations are to be avoided. The 4b tetrahedra share all its four faces 

with 16l tetrahedra. Still, arrangements without short D-D distances between atoms in 16l 

and 4b sites can be found as long as the sum of the occupancies of the two sites is less than 

100%. 

2 Experimental 

The Zr2Ni intermetallic was made from a stoichiometric mixture of the elements 

(Goodfellow 99.99% Ni and Metron Inc. 99.95% Zr) by argon arc melting. The ingot was 

annealed in a steel autoclave at 1073 K for 23 hours under dynamic vacuum. The sample 

was deuterated rather than hydrogenated due to the high incoherent neutron scattering cross 

section of natural hydrogen. Deuteration was performed in the same autoclave after cooling 

to room temperature. A starting pressure of approximately 0.1 bar D2 and ice water cooling 

was applied to prevent overheating and decomposition of the sample. A final pressure 

slightly above 1 bar was used for saturation. The composition was estimated to Zr2NiD4.8(1) 

from the pressure drops during absorption. 

PND data were collected at the SLAD instrument at the R2 at reactor Studsvik, Sweden 

[λ = 1.117 Å; focussing Cu(110) monochromator, position sensitive detectors] [10]. The 

measuring range was 2θ = 3.8-137o with ∆2θ = 0.1o. The sample was kept in a 5 mm quartz 

tube at a constant deuterium pressure of 1 bar and heated inside a furnace. 

SR-PXD data were collected with the high-resolution diffractometer (Beamline BM01B) at 

the Swiss-Norwegian Beamline (SNBL) at ESRF, Grenoble, France. The diffractometer was 

equipped with a channel cut Si(111)-monochromator and 6 scintillation detectors with a 

secondary monochromator each. The sample, sealed in a 0.3 mm boron glass capillary, was 

heated by a hot air blower. The measurements were performed with λ = 0.79975 Å or 

λ = 0.49956 Å and ∆2θ = 0.005o. 

The diffraction data were analysed with the Rietveld method [11] implemented in the 

programs RIETICA [12] and FULLPROF [13]. The peaks were described by a pseudo-Voigt 

function with 3 half-width parameters and a mixing parameter. The background was defined 
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by interpolation between selected points for SR-PXD and by a Chebyshev polynomial with 

18 terms for PND, respectively. The isotropic temperature factors for equal elements at 

different crystallographic sites were refined as a single parameter. The SR-PXD refinements 

were corrected for absorption under the assumption that the sample density was 70% of the 

X-ray density. 

3 Results 

Room temperature 

The high resolution SR-PXD data for Zr2NiD4.8 measured at 298 K show splitting of all 

Bragg peaks except 00l as compared to the tetragonal symmetry of the alloy (Fig. 2). The 

splitting could not be described by a monoclinic distortion of neither the prismatic plane (as 

reported for Zr2NiD4.2 [6]) nor the basal plane (as reported for Zr2NiD5.1 [7]) of the unit cell. 

A slight triclinic distortion could on the other hand account for the observed splitting. 

Rietveld refinement was carried out with metal atom positions for pure Zr2Ni as the starting 

point. It was assumed that the centrosymmetry of the intermetallic was preserved, thus using 

space group P 1  . Deuterium atoms were neglected owing to their very small scattering 

power. An excellent fit was obtained (Fig. 3) with only a slight triclinic deformation of the 
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unit cell and minor shifts of the atomic positions. The results are summarized in Table 1. 

The deviations from tetragonal lattice parameters are very small but highly significant 

compared to the standard deviations. Persistent attempts were made to describe the splitting 

by larger unit cells of higher symmetry or a mixture of nearly identical phases. However, all 

other models were found to be inferior to the triclinic unit cell. 

Powder neutron diffraction revealed several peaks that could not be indexed according to 

the triclinic unit cell. This indicates deuterium ordering in agreement with earlier 

observations [5]. A full description of the superstructure, which is fully ordered, will be 

published separately [14]. For facilitating comparison with the present in situ results it is 

noted that the ordered structure has 50% occupation of the sites corresponding to 4b in 

I 4/m c m while the “16l” sites are 37.5% occupied and the “32m” sites are 31.25% occupied 

yielding the composition Zr2NiD4.5 [14]. 
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Atom x y z Biso (Å2) 
Ni1 0.000(2) 0.000(2) 0.237(1) 1.03(4) 

Ni2 0.500(2) 0.501(2) 0.2886(9) 1.03(4) 

Zr1 0.169(1) 0.660(1) 0.001(1) 0.39(2) 

Zr2 0.844(1) 0.671(1) 0.509(1) 0.39(2) 

Zr3 0.339(1)  0.165(1) 0.000(1) 0.39(2) 

Zr4 0.671(1) 0.156(1) 0.499(1) 0.39(2) 

a = 6.81744(8) Å 

α = 90.191(1)o 

b = 6.80177(8) Å 

β = 90.200(1)o 

c = 5.69042(4) Å 

γ = 90.2886(8)o 

High temperature 

SR-PXD data were collected during heating to 473 K. The peak splitting observed at room 

temperature was no longer apparent at 473 K (Fig. 4) and all reflections could be indexed 

according to a tetragonal unit cell; a = 6.8208(1) Å, c = 5.67578(9) Å, V = 264.057(7). The 

unit cell volume at 473 K was slightly increased compared to room temperature 

Table 1 Results from Rietveld refinement of Zr2Ni(D4.8) from SR-PXD (wRp = 6.29%). Space group 
P 1  . Standard deviations are given in parentheses. Biso is constrained to be equal for each element. 
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(V(298K) = 263.5 Å), although less than expected from thermal expansion. The decrease in 

deuterium content was estimated to 0.1 D pr formula unit, assuming a linear thermal 

expansion coefficient of 10-5. This indicates that the symmetry transformation is driven by 

temperature rather than by loss of deuterium, since loss of similar amounts of deuterium has 

occurred during long-time storage of the deuteride without any change in symmetry. 
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Fig. 5 PND data measured at SLAD at 298 K, 373 K 473 K and 573 K. Some ordering peaks are marked 
with an asterix (*) in the 298 K data. The data sets are shifted along the intensity axis for clarity. 
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Rietveld refinement of decomposed sample at 873 K. Vertical ticks mark position of Bragg peaks from 
tetragonal ZrD2 (upper row) and Zr7Ni10 (lower row). λ = 1.117 Å 
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PND data were recorded with the SLAD instrument at 298, 373, 473, 573, 723 and 873 K. 

The sample was kept in a deuterium atmosphere of 1 bar during the measurements. The 

previously mentioned ordering peaks were clearly seen at room temperature (Fig. 5). Their 

intensities were greatly reduced at 373 K and only weak traces were left at 473 K. The 

ordering peaks had disappeared completely at 573 K. The appearance of new, additional 

peaks at 723 K indicated that sample decomposition had started. At 873 K the 

decomposition was complete and no peaks from Zr2NiDx were any long present. Hara et al. 

reported a two-stage decomposition route for Zr2Ni when exposed to about 2 bar deuterium 

at 773 K [15]. The first stage was completed very quickly (~1 minute) with tetragonal ZrH2 

and ZrNiH3 appearing as decomposition products. The second stage took several hours to 

complete. The final products were suggested to be tetragonal ZrH2 and Zr7Ni10 based on the 

amount of absorbed hydrogen [15], however, the presence of Zr7Ni10 was not possible to 

confirmed with PXD. The present work identifies unambiguously the decomposition 

products as tetragonal ZrD2 and Zr7Ni10 (structure model taken from Ref. [16]) by Rietveld 

refinement of the PND data at 873 K (Fig. 6). The refined phase proportions, 48(2) weight% 

ZrD2 and 52(2) weight% Zr7Ni10, are within their standard deviations in agreement with the 

nominal phase proportion calculated from the decomposition reaction (yielding 50 weight% 
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Fig. 7 Observed (circles), calculated (solid line) and difference (below) PND pattern as obtained by 
Rietveld refinement of Zr2NiD4.4  at 373 K. Note that the fit is fairly good even though there are 
remnants of ordering peaks that are inconsistent with the structure model. λ = 1.117 Å 
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of each phase). There was no sign of any ZrNi deuteride stemming from the first reaction 

stage, probably due to the long measurement time of the PND experiment. 

Despite the remnants of ordering peaks at 373 K and 473 K, the data were to a good 

approximation well fitted by structure models with I4/mcm symmetry and simple (i.e. non-

super) unit cells (Fig. 7 and Fig. 8). The PND results are summarized in Table 2 and the site 

distribution of deuterium is visualized in Fig. 9 (filled symbols). 

The compositions at 373 and 473 K were refined to Zr2NiD4.2 when Biso(D) was allowed to 

vary. However, it is clear from the change in unit cell volume that the deuterium content is 

significantly higher at 373 K than at 473 K under the current isobaric conditions. Since there 

are strong correlations between temperature factors and occupation numbers, it was decided 

to fix Biso(D, 373 K) at the likely value of 1.5 Å2 as its refined value of 1.0 Å2 seemed 

somewhat low. The refined composition thus changed to Zr2NiD4.4. The “additional” 

deuterium was uniformly distributed into the four types of sites, thus the relative site-

distribution is not strongly correlated to the overall temperature factors. 
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Fig. 8 Observed (circles), calculated (solid line) and difference (below) PND pattern as obtained by 
Rietveld refinement of Zr2NiD3.9 at 573 K. λ = 1.117 Å 
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4 Discussion 

There are marked differences in the relative site occupancies at 373 K, 473 K and 573 K, 

(Fig. 9). The loss of deuterium on heating occurs mainly from the 32m site. In addition, 

there is a drastic reduction in the occupancy of the 4b site, however, this has a minor effect 

on the overall composition due to the low site multiplicity. The occupancy of the 16l site 

shows an increasing tendency with increasing temperature and decreasing deuterium 

content. 

Atom Site T  373 K 473K 573 K
x 0.1631(3) 0.1646(2) 0.1649(2)Zr 8h (x x+½ z) 

Biso (Å2) 0.80(3) 0.68(3) 0.88(2)
Ni 4b (0 ½ ¼) Biso (Å2) 1.31(4) 1.13(4) 1.35(3)

x 0.3706(7) 0.3722(5) 0.3721(5)
z 0.8741(9) 0.8770(6) 0.8791(7)

Biso (Å2) 1.5a 1.62(9) 2.20(8)

D1 16l (x x+½ z) 

occ. 0.348(6) 0.398(6) 0.398(6)
Biso (Å2) 1.5a 1.62(9) 2.20(8)D2 4b (0 ½ ¼) 

occ 0.440(8) 0.320(8) 0.296(8)
x 0.2150(6) 0.2162(6) 0.2183(8)
y 0.9173(7) 0.9174(6) 0.9197(8)
z 0.8120(8) 0.8127(8) 0.814(1)

Biso (Å2) 1.5a 1.62(9) 2.20(8)

D3 32m (x y z) 

occ 0.304(4) 0.261(4) 0.229(4)
x 0.08369a 0.08369a 0.08369a

y 0.00000a 0.00000a 0.00000a

Biso (Å2) 1.5a 1.62(9) 2.20(8)

D4 16k (x y 0) 

occ 0.046(4) 0.042(4) 0.036(4)
a (Å) 6.816(1) 6.8037(6) 6.7940(6)
c (Å) 5.679(1) 5.6507(7) 5.6113(7)

Unit cell parameters 

volume (Å3) 263.83(7) 261.57(5) 259.01(5)
Refined composition  Zr2NiD4.4 Zr2NiD4.2  Zr2NiD3.9

wRp  5.83 3.53 3.92

Table 2 Results from Rietveld refinement of PND data from SLAD at 373 K, 473 K and 573 K. Space 
group I4/mcm. Standard deviations are given in parentheses.  Biso is constrained to be equal for all 
deuterium atoms at the same temperature. 
a Not refined. 



 11

2.0 2.5 3.0 3.5 4.0 4.5 5.0

0

2

4

6

8

10

12

*

*

****

*
**

*
*

*

Zr4 (4b)

Zr3Ni (32m)

Zr4 (16l)
D

 p
r. 

un
it 

ce
ll

x [Zr2NiDx]  

These site preference trends fit well with those observed at room temperature for samples 

with different nominal compositions [5] and the unpublished structure of fully ordered 

Zr2NiD4.5 [14]. The results are compared in Fig. 9; the open symbols represent data from 

Ref. [5] whereas the filled symbols are the present values. Values refined from high 

temperature data are marked with an asterisk (*). The room temperature site preferences are 

connected with a line for each site as a guide the eye. It is seen that the site occupancies 

change rather smoothly with the overall deuterium content in the relevant composition range 

despite the rather large temperature span considered (300 K-573 K). The high temperature 

values coincide rather well with the line between the room temperature values. Hence, the 

site preference for deuterium seems to be mainly determined by the overall composition. 

The partly ordered structure of Zr2NiD4.2 appears to be an exception. Although it is 

monoclinic, the metal lattice exhibits pseudo I4/mcm symmetry. Hence, all the interstitial 

sites can be related to one of the four types of sites described for Zr2Ni. Its deuterium site 

contents at 298 K are shown with half-filled symbols in Fig. 9. The occupancy of the “32m” 

sites is in good agreement with the trends described. On the other hand, the “4b” sites are 

Fig. 9 Deuterium content in different sites versus composition. Squares: 16l sites. Triangles: 4b sites. 
Circles: 32m sites. Filled symbols: from the present work. Open symbols: From Chikdene et al. [5]. 
Partly filled: From Elcombe et al. [6]. Symbols marked with an asterisk represent samples at elevated 
temperatures. See text for discussion. 
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completely empty in contrast to those of its disordered counterpart with the same 

composition at 473 K. The “16l” sites are correspondingly more occupied. This shows that 

the gain in enthalpy offered by certain ordered deuterium configurations along with modest 

deformation of the metal lattice (a/b = 1.004, β = 91o for Zr2NiD4.2) can alter the deuterium 

site preference notably. 

 

Interestingly, other A2B intermetallics with Al2Cu–type structure exhibit completely 

different site preferences for deuterium. It has been pointed out that the c/a-ratio of the 

deuterium-free intermetallic appears important for the site preference [2]. However, the c/a-

ratio only reflects a more important underlying quantity, namely the relative size ratio of the 

4b site and the 16l site, r(4b)/r(16l). It can easily be shown by geometrical consideration that 

this size ratio is uniquely determined by the c/a-ratio and the x coordinate for the metal atom 

at the A site. r(4b)/r(16l) increases with both c/a and x(A) as shown in Fig. 10. Fig. 11 

displays c/a and x(A) for all Al2Cu–type intermetallics that are known to form deuterides. 

The diagonal line marks the region where the site radius of 4b and 16l are equal. In Zr2Fe 

and Zr2Co, the 4b sites are larger than the 16l sites. The former sites are found to be fully 

occupied in the saturated deuteride. This in turn prevents occupation of the 16l sites due to 

their extensive face-sharing with the 4b sites. The opposite is the case for Th2Al where 16l 

Fig. 10 Ratio of the site radius for 4b and 16l as a function of c/a ratio and the x-coordinate  for the A 
atom in A2B compounds with Al2Cu–type structures. The grey plane represent r(4b)/r(16l) = 1. 

c/a ratio 

x(A) 

r(
4b

)/r
(1
6l

) 
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is the largest site and fully occupied in the saturated deuteride [1]. This is possible without 

getting unreasonably short D-D-distances due to the large atomic radius of thorium. 

However, the 4b sites are blocked due to their short distance to the 16l sites. For Zr2Ni, the 

larger 16l sites are filled to its maximum of 50% before occupation of the smaller 4b sites 

start. Nb2(Ni,Si) and Nb2(Co,Si) accommodate deuterium in both the 4b and the 16l sites 

with a preference for the former. This is unexpected from Fig. 11, which shows that 16l is 

clearly the largest site. However, the adopted structure data from Ref. [17] refer to the 

stoichiometric compounds Nb4CoSi and Nb4NiSi while the deuterides examined in Ref. [4] 

are silicon-rich in composition. The subtleness of the considerations are illustrated by the 

fact that if the refined x-parameters for the deuterides were used (x = 0.167), the two alloys 

would move right up to the line in Fig. 11. 

The possibility of occupation of the 32m sites depends on other factors. The Th3Al sites 

(32m) in Th2AlDx are always empty. This is rationalized in terms of deuterium having a 

strong tendency to avoid interstitial sites coordinated by one or more p-block elements [18]. 

This also explains why the Nb3Si sites in Nb2(Co,Si)D2.5 and Nb2(Ni,Si)D2.7 are unoccupied. 

On the other hand, it is not obvious why the Nb3Co and Nb3Ni sites are unoccupied, but it 
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Fig. 11 c/a ration and x-coordinate for known deuteride absorbing intermetallics with Al2Cu–type 
structure. The diagonal curve divides the regions where 4b and 16l, respectively, are the largest site. 
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may due to their small radii (0.40 Å and 0.41 Å), which are borderline cases with respect to 

the Westlake criterion [19] stating that interstices must have a radius of at least 0.4 Å to be 

accessible for deuterium. Zr2Fe-, Zr2Co- and Zr2Ni- deuterides all have a significant 

deuterium occupation of their 32m sites. 
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Abstract

Three Th Al deuterides with compositions Th AlD , x 5 3.9, 2.7 and 2.3, were studied by powder neutron diffraction (PND). The2 2 x

lower deuterides were obtained by desorption under dynamic vacuum at 338 and 443 K, respectively. Th AlD has been reported to2 4
˚ ˚violate the ‘‘rule of 2 A’’, however Rietveld refinement of high quality PND data for saturated Th AlD , a 5 7.6260(4) A,2 3.9

˚ ˚c 5 6.5150(5) A, gave an acceptable D–D separation of 1.97 A. Space group I4/mcm of the intermetallic with Al Cu-type atomic2

arrangement is preserved and deuterium occupies one interstice, 16l, almost completely. For an intermediate D content, Th AlD , the2 2.75
˚ ˚deuterium sublattice becomes highly ordered giving a supercell with triple c-axis, a 5 7.6796(3) A, c 5 19.073(1) A. This superstructure

¯is described in space group P42m. Deuterium is situated in nine interstices, i.e. eight 4n sites and one 1d site. On further deuterium
˚ ˚removal towards the composition Th AlD , a 5 7.7014(5) A, c 5 6.2816(5) A, the deuterium sublattice becomes disordered. The2 2.3

structure is again described in space group I4/mcm. Deuterium partly occupies two different interstices, 16l and 4b. For all compositions,
solely Th tetrahedral interstices are occupied by deuterium.  2000 Elsevier Science S.A. All rights reserved.4

Keywords: Interstitial alloys; Hydrogen absorbing materials; Gas–solid reaction; Crystal structure; Neutron diffraction

1. Introduction hydride (or deuteride) studied with PND, actually at the
former JEEP I reactor at Kjeller, Norway. Since the early
sixties, the improvements in instrumentation have beenHydrides of intermetallic compounds have been exten-
tremendous and it is surely worthwhile to reinvestigate thesively studied because of their applications in rechargeable
Th Al–D system.batteries and possible use as hydrogen storage media. 2

Th Al takes the Al Cu-type structure (body-centredStructural studies of metallic hydrides have revealed 2 2
˚ ˚tetragonal, space group I4/mcm, a 5 7.618 A, c 5 5.862 A,several empirical ‘‘rules’’ that can be used to predict the

Z 5 4 [6]). The unit cell contains four crystallographicallyhydrogen sublattice in a given metal lattice. One of the
˚ different tetrahedrally coordinated interstitial sites, whichbest established, the so-called ‘‘rule of 2 A’’ [1], states that

are candidates for hydrogen absorption. Two of them, 16lthe distance between two hydrogen atoms in a metallic
˚ and 4b, are coordinated by Th , one (32m) is coordinatedhydride must exceed 2 A, and theoretical calculations 4

by Th Al and one (16k) by Th Al . Some of the tetra-support this rule [2]. 3 2 2

hedral interstices are closely separated owing to faceIn an extensive review, Yvon and Fischer [3] pointed out
˚ sharing of the polyhedra. Each Th (16l) tetrahedronthat only two clear violations of the ‘‘rule of 2 A’’ have 4

shares a common face with another Th (16l) tetrahedron,been reported: Th AlD [4] and b-Mg NiD [5] with D–D 42 4 2 4
˚ whereas the Th (4b) tetrahedron shares each of its fourseparations of 1.79 and 1.75 A, respectively. However, 4

faces with other Th (16l) tetrahedra.Yvon and Fischer question the correctness of the reported 4

According to Bergsma et al. [4], only the 16l sitestructures. In the case of Th AlD , this relates to the poor2 4

becomes occupied in Th Al deuterides. For Th AlD , theresolution of the powder neutron diffraction (PND) data 2 2 4

site occupancy is full (i.e. 1), giving a completely orderedcollected as early as 1961.
structure. The D–D separations are mainly determined byTh AlD is of historical interest as the first ternary2 4

the z-coordinate for D, and the reported z(D) 5 0.137 gives
˚ ˚ ˚a D–D distance of 1.79 A (for a 5 7.640 A, c 5 6.536 A).

The present reinvestigation of the Th Al–D system has*Corresponding author. Tel.: 147-63-806-078; fax: 147-63-810-920. 2

E-mail address: bjorn@ife.no (B.C. Hauback). two main aims. First, high resolution data were collected

0925-8388/00/$ – see front matter  2000 Elsevier Science S.A. All rights reserved.
PI I : S0925-8388( 00 )01066-5
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Table 1
aSynthesis conditions , unit cell dimensions and reliability factors for the PND refinements. Calculated standard deviations in parentheses

Th AlD Th AlD Th AlD2 3.9 2 2.7 2 2.3

Synthesis Fully saturated Desorbed 388 K Desorbed 443 K
¯Space group I4/mcm (No. 140) P4 (No. 111) I4/mcm (No. 140)

˚a (A) 7.6260(4) 7.6796(3) 7.7014(5)
˚c (A) 6.5150(5) 19.073(1) 6.2816(5)

3˚V (A ) 380.0(1) 1124.9(1) 372.58(8)
R (%) 5.34 6.80 3.93p

wR (%) 6.87 8.90 5.32p
2

x 2.46 4.53 2.57
a For the saturated deuteride, the D content was determined volumetrically. For the lower deuterides the D content was refined from PND data.

and analysed for Th AlD in order to settle the open desorption starts just above room temperature and termi-2 4
˚question with possible violation of the ‘‘2 A’’ rule. Second, nates around 770 K. Desorption temperatures of 388 and

the earlier studies were extended to cover detailed neutron 443 K were used since the upper deuterium content range
diffraction studies of lower D contents with possible was considered most interesting; see Table 1 for synthesis
superstructures occurring owing to an ordered distribution and characterisation details.
of deuterium. The lower deuterides are discussed in PXD measurements show that the I4/mcm symmetry of
relation to available NMR data [7]. the metal sublattice is preserved in the deuterides. The unit

cell expansion is highly anisotropic and primarily takes
place along the c-axis, which is in good agreement with

2. Experimental Ref. [4].
PND data were collected with the PUS high resolution

The Th Al intermetallic was purchased from AmesLab two-axis diffractometer [8] at the JEEP II reactor, Kjeller,2
˚where it was made from a mixture of high purity thorium Norway [l 5 1.5554 A; focusing Ge(511) monochromator,

(99.95%) and aluminium (99.999%) by arc melting. The position sensitive detectors]. The measured range 2u 5 4–
material was single phase according to powder X-ray 1308 was covered in steps of D2u 5 0.058. The PND data
diffraction analysis (PXD) with a Siemens D5000 diffrac- were analysed according to the Rietveld method [9] using
tometer (Cu Ka radiation, Bragg–Brentano geometry, the program GSAS [10]. The background was modelled1

position sensitive detector). Hence, no annealing was with a cosine Fourier series polynomial with a maximum
necessary. The refined unit cell dimensions were a 5 of 16 parameters. The peak shape was described by a

˚ ˚7.6218(3) A, c 5 5.8596(3) A, space group I4/mcm. pseudo-Voigt function and a maximum of six profile
2Deuterium ( H, purity 99.8%) loaded samples were parameters were used [11,12].

studied rather than hydrides in order to reduce incoherent
scattering contributions in the PND experiments.
Deuterium loading was performed in a direct gas–solid 3. Results and discussion
state reaction. After activation at 723 K in dynamic
secondary vacuum, Th Al readily absorbed deuterium. A 3.1. Saturated deuteride Th AlD2 2 3.9

starting pressure below 0.15 bar D and ice water cooling2

was employed to prevent overheating and disproportiona- The obtained structural description for Th AlD on the2 3.9

tion of the sample. A final pressure slightly above 1 bar basis of the PND data corresponds essentially to that
was used for saturation giving the composition reported in Ref. [4] with all deuterium located in 16l sites.
Th AlD (volumetric calculation). Two lower Unit cell data are given in Table 1, atomic coordinates in2 3.960.1

deuterides were prepared by subsequent deuterium desorp- Table 2 and the final Rietveld plot showing observed,
tion from Th AlD under dynamic vacuum at selected calculated and difference PND profiles is shown in Fig. 1.2 3.9

temperatures. Thermal desorption spectroscopy shows that The somewhat lower refined composition (Th AlD )2 3.7

Table 2
Atomic coordinates, displacement factors and site occupancies derived from Rietveld refinement of PND data for Th AlD (nominal composition).2 3.9

Calculated standard deviations in parentheses

Atom Site x y z U Occupancyiso
2˚(103 A )

Al 4a (0 0 1/4) 0 0 1/4 1.3(1) 1
Th 8h (x x 1 1/2 0) 0.1656(1) 0.6656(1) 0 0.57(3) 1
D1 16l (x x 1 1/2 z) 0.3707(1) 0.8707(1) 0.1513(2) 1.97(5) 0.927(6)
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˚Fig. 1. Observed (1), calculated (upper line) and difference (lower line) powder neutron diffraction intensity profile for Th AlD , l 5 1.5554 A.2 3.9

compared to the nominal value can be explained by a small
desorption of deuterium when the sample was removed
from the autoclave.

However, compared with the earlier study, the
deuterium atoms are considerably shifted away from the
face shared by the neighbouring Th (16l) tetrahedra. This4

implies elongation of the D–D distance, which has the
˚refined value of 1.97 A (see Fig. 2 and Table 3). The

occupied Th tetrahedra form chains by alternating face4

and corner sharing along [001]. These chains are inter-
connected by edge sharing, forming a three-dimensional
network. When considering the structure perpendicular to
[001], the Th, Al and D atoms are confined to layers in the
ab-plane. Th and Al are situated in alternating metal layers
with deuterium in between, hence establishing a sequence
of Th–D–Al–D–Th–D–Al–D–Th layers throughout the
unit cell.

Deuterium is excluded from the closest surroundings of
Al; cf. the drawing of D-coordination polyhedra around Th
in Fig. 3. The coordination polyhedron is a bicapped
trigonal prism, implying eight-coordination of Th with
respect to deuterium. The ThD polyhedron shares one8

face and all but four edges with other ThD polyhedra. The8

resulting 3D network formed by ThD polyhedra has large8

channels where aluminium atoms are situated (see Fig. 3).
An alternative description is to view the Al Cu-type2

structure in terms of Th Al square antiprisms where the D8

sites appear in the voids of the structure (Fig. 4).

3.2. Lower deuteride Th AlD with vacancy ordering2 2.75

The PND pattern for the lower Th AlD deuteride2 2.75Fig. 2. Crystal structure fragment of Th AlD . The tetrahedral coordina-2 3.9
prepared at 388 K contained several weak reflections thattion of four Th surrounding two deuterium in face sharing tetrahedra is

shown. Th shown as large, light grey spheres, D as small black spheres. could not be indexed according to the unit cell suggested
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˚Table 3 by PXD, a 5 7.6736(6), c 5 6.3519(8) A, nor to slight
˚Selected interatomic distances (A) in Th AlD and Th AlD . Th Al is2 3.7 2 2.3 2 impurities of ThO or other possible impurity phases.a 2included for comparison . Calculated standard deviations in parentheses

However, all reflections could be indexed on a supercell
Atoms Th Al Th AlD Th AlD ˚ ˚2 2 2.3 2 3.7 with tripled c-axis, a 5 a 5 7.674 A, c 5 3c 5 19.06 A.s s

Th–1 Th 3.410(2) 3.573(2) 3.576(2) Its correctness was substantiated by Le Bail-type refine-
Th–2 Th 3.536(1) 3.657(1) 3.735(1) ments in GSAS. From volume considerations, the com-
Th–4 Th 3.795(1) .4 .4 position was estimated to be Th AlD , which could2 2.6–2.7Th–4 Al 3.223(1) 3.280(1) 3.282(1)

correspond to a two-thirds filling of the 16l site (originalTh–2 D1 – 2.367(3) 2.307(2)
unit cell). On cooling to 7 K there are no changes in theTh–2 D1 – 2.393(7) 2.424(2)

Th–4 D1 – 2.412(2) 2.474(1) relative peak intensities nor are any additional peaks
Th–2 D2 – 2.379(1) – observed. This strongly indicates that the supercell arises

bD1–1 D1 – 1.552(4) 1.974(3) from complete ordering of deuterium.
D1–2 D1 – 2.564(4) 2.356(2)

b A close examination of possible systematic extinctionsD1–1 D2 – 1.629(2) –
in the extracted Le Bail intensities indicated the presenceD1–1 D2 – 2.744(2) –

D2–2 D2 – 3.141(1) – of a 4 screw axis along [001] and a 2 screw axis in the2 1

a ab-plane [h00 and 00l reflections with h or l 5 (2n 1 1)Refinements in this work.
b extinguished]. Thus the possible space group P4 2 2 wasChemically unreasonable D–D distances; see text for discussion. 2 1

considered. The correct deuterium ordering was sought by

Fig. 3. Projection of the crystal structure of Th AlD along [001] showing connectivity of ThD polyhedra. Al shown as dark grey spheres.2 4 8
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Fig. 4. Projection of the crystal structure of Th Al along [001] showing connectivity of AlTh polyhedra. Possible tetrahedral D sites shown as black (D1)2 8

and grey spheres (D2). D1 is fully occupied and D2 empty in Th AlD ; for Th AlD , both D1 and D2 are partially occupied.2 3.9 2 2.3

retaining full deuterium occupation for deuterium atoms in from the closest surroundings of two Th -coordinated4

the former 16l sites (now replaced by six 8g sites) and one-fold sites; each corresponding to 1/12 of the former
instead refining the isotropic displacement factors (U ) of 4b site. In contrast to the blocked 4b positions in theiso

each deuterium position independently. Atoms with very saturated deuteride, these sites are therefore not prevented
high refined U were removed until only two-thirds was from being occupied. In the refinements, deuterium wasiso

left. This approach gave a better convergence compared to introduced into the two sites, and one of them, the 1e site
direct refinement of the occupation factors. In order to coordinated solely by Th5, was found to be fully occupied,
increase the relative influence of the weak Bragg reflec- while the other, 1c coordinated solely by Th6, is empty.
tions from the deuterium ordering, four regions of the Hence deuterium occupies eight 4n sites (corresponding to
diffractogram containing strong main peaks were excluded two-thirds of the former 16l site) and the 1d site (corre-
from the initial refinement. However, no ordering model in sponding to 1/12 of the former 4b site), giving the
space group P4 2 2 or in P4 gave satisfactory fits. Neither composition Th AlD .2 1 2 2 2.75

made any model with a four-fold rotation axis like P4 Soft constraints had to be introduced between two Th–D
successful. pairs and two D–D pairs in order to ensure physically

The deuterium ordering was consistent with a four-fold sensible interatomic distances, however without significant
rotoinversion symmetry, and an ordering model was found reduction in R-factors.

¯in space group P4 following the same refinement strategy Atomic coordinates are presented in Table 4, and the fit
as outlined above. This model was consistent with the between observed and calculated PND profiles is shown in

¯higher symmetry space group P42m, and a fully satisfac- Fig. 5. The ordering is depicted in Fig. 6. The similarities
tory refinement was carried out within this space group. to the saturated deuteride are obvious. The metal sublattice
The ordering implies a complete withdrawal of deuterium is basically unchanged (Fig. 6a). Deuterium has been
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Table 4 deuterium atoms in face sharing tetrahedra, namely D1/D4
Atomic coordinates and isotropic displacement factors derived from and D5/D8, dark grey in Fig. 6b. Their interatomic¯Rietveld refinement of PND data for Th AlD . Space group: P42m. All2 2.75 ˚separations were soft restrained to 2.05(5) A with weightoccupation numbers are equal to 1. Calculated standard deviations in

F 5 5000. The refined distances were 2.01(1) and 2.00(1)parentheses
Å, respectively. When the soft restraints were removed, the

Atom Site x y z Uiso
2 D1–D4 distance remained unchanged, whereas the D5–D8˚(103 A )

˚distance decreased to 1.90(2) A. However, the gain in
Al1 4m (0 1 /2 z) 0 1 /2 0.345(2) 0.0(1)

R-factor was barely significant, decreasing from wR 5pAl2 0 1/2 0.156(2)
0.0890 to 0.0883.

Al3 2e (1 /2 0 0) 1 /2 0 0 None of the six crystallographically different Th atoms
Al4 2f (1 /2 0 1/2) 1 /2 0 1/2 retain the bicapped trigonal prismatic deuterium coordina-

tion found in the saturated deuteride (Fig. 7). Th1 and Th2Th1 4n (x x z) 0.666(1) 0.666(1) 0.2447(5) 0.37(3)
Th2 0.163(1) 0.163(1) 0.7524(6) are both five-coordinated and have similar coordination
Th3 0.160(1) 0.160(1) 0.0879(5) polyhedra: the two triangles parallel to the ab-plane in the
Th4 0.662(1) 0.662(1) 0.5798(5) original polyhedron have lost one and two deuterium
Th5 0.666(1) 0.666(1) 0.9235(5)

atoms, respectively, resulting in distorted trigonalTh6 0.166(1) 0.166(1) 0.4184(6)
bipyramid polyhedra. Th3 and Th4 are seven-coordinated

D1 4n (x x z) 0.626(3) 0.626(3) 0.3598(7) 2.22(6)
with one deuterium atom from one of the triangles lacking.D2 0.630(2) 0.630(2) 0.1300(6)
Th5 and Th6 are both four-coordinated with respect toD3 0.628(3) 0.628(3) 0.7051(9)

D4 0.631(3) 0.631(3) 0.4650(5) deuterium in the 4n sites. Both caps are removed, one of
D5 0.126(3) 0.126(3) 0.8651(8) the triangles has lost two deuterium atoms while the other
D6 0.111(2) 0.111(2) 0.6147(9) triangle is intact. The resulting polyhedron resembles a
D7 0.129(2) 0.129(2) 0.2162(9)

trigonal pyramid, although very distorted. However, Th5 isD8 0.136(3) 0.136(3) 0.9697(8)
actually five-coordinated with respect to deuterium because

D9 1d (1 /2 1/2 0) 1 /2 1/2 0 of coordination also to D9 in the 1e site. This extra vertex
gives something like a trigonal bipyramidal deuterium

removed in an ordered way leaving eight of the 12 deu- coordination around Th5.
terium atom layers perpendicular to [001] of the super- The crystal structure of Th AlD demonstrates the2 2.75

cell half full and the remaining four full. The full layers presence of repulsive interactions between close deuterium
(F) are evenly separated with two half full layers (H) neighbours. Deuterium atoms with a D neighbour in a face
in between, giving the sequence ? ? ?F–H–H–F–H–H? ? ? shared tetrahedron D are clearly shifted away from the
throughout the crystal structure. This leaves two pairs of shared face compared to the situation occurring for singly

˚Fig. 5. Observed (1), calculated (upper line) and difference (lower line) powder neutron diffraction intensity profile for Th AlD , l 5 1.5554 A. Arrows2 2.75

indicate the strongest superstructure reflections.
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Fig. 6. Long-range vacancy ordered superstructure for Th AlD . (a) The metal lattice; Al atoms, dark grey spheres; Th, light grey. (b) Occupied Th2 2.75 4

tetrahedra. Compared to Th AlD ; dark grey, basically unchanged tetrahedral, face sharing; light grey, tetrahedra not face sharing; hatched, new type of2 3.9
¯site (1d in space group P42m).

occupied face shared tetrahedra. The shift is clearly 3.3. Lower deuteride with random site occupation
evidenced by the short Th1–D1, Th4–D4, Th2–D5 and
Th3–D8 distances for the Th atom that is not a part of the On further deuterium desorption (at 443 K), all super-
shared triangular face (Table 5). All other Th–D distances structure reflections again disappear. The PND diagram
are significantly longer (except Th1–D2 and Th1–D7). can be indexed according to the simple I4/mcm unit cell
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Fig. 6. (continued)

found by PXD. However, in contrast to earlier findings [4], without long-range order. Atomic coordinates are listed in
deuterium is not solely confined to the 16l site (D1), but Table 6, and the final fit between observed and calculated
also occupies the 4b site (D2). Both sites are partly filled PND profiles is shown in Fig. 8.
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Fig. 7. Coordination polyhedra of D (small spheres) around different Th atoms (large, grey spheres) in Th AlD . Only one of each kind of Th are shown.2 2.75

For clarity, Al and other D atoms are not shown. D9 which is not occupied in the saturated deuterides is shown as a grey sphere (Th5). The
‘‘deuterium-free’’ side of Th6 is facing towards the unoccupied 1c site (see text).

Although the shortest distance between the D sites is far tetrahedra can be avoided by local ordering of deuterium.
˚less than 2 A (Table 3), this is not in conflict with the It can likewise be shown that local ordering can prevent

˚‘‘rule of 2 A’’. The occupancy of the 16l site is below 0.5, the shortest calculated D1–D2 distances from actually
so simultaneous occupation of face-shared Th (16l) occurring. Thus, the refined crystal structure of Th AlD4 2 2.3
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Table 5 A model with a random H distribution over 16l and 4b
Selected Th–D and D–D distances in Th AlD . Calculated standard2 2.75 would give a much too broad resonance line [7]. However,
deviations in parentheses

no model with short-range ordering of hydrogen in 16l and
Atoms Distance 4b was considered. Such a model would give a narrow

˚(A) resonance line comparable to the experimental one. Hence,
Th1–1 D1 2.24(2) the structure model derived from PND data for Th AlD2 2.3aTh1–1 D2 2.22(1) is not considered to be in conflict with available NMR
Th1–2 D3 2.47(2)

data.Th1–1 D7 2.29(3)
Th2–1 D3 2.45(3)
Th2–1 D5 2.19(2)
Th2–1 D6 2.68(2) 3.4. Discussion
Th2–2 D7 2.34(2)
Th3–1 D2 2.42(3)

Deuterides of four intermetallic compounds with Al Cu-2Th3–2 D5 2.38(1)
type structure are described in the literature; Zr Fe [13],Th3–1 D7 2.46(2) 2

Th3–1 D8 2.27(3) Zr Co [14], Zr Ni [15,16] and Th Al. Their crystal2 2 2
Th3–2 D8 2.54(2) structures are rather different. Zr Fe and Zr Co form2 2
Th4–2 D1 2.51(2) isostructural saturated deuterides, Zr MD . The symmetry2 5Th4–1 D3 2.42(2)

a is changed to P4/ncc with ordered occupation of 16 of 32Th4–1 D4 2.22(1)
Zr M tetrahedra in the unit cell. This ordering takes placeTh4–2 D4 2.42(2) 3

Th4–1 D6 2.54(2) without enlarging the unit cell. In addition, the four-fold
Th5–2 D2 2.51(2) Zr tetrahedron (4b site in I4/mcm) is fully occupied4
Th5–1 D5 2.52(3) giving a completely ordered structure, Zr MD . The2 5Th5–1 D8 2.31(3)

crystal structures of the Zr Ni deuterides are somewhat2Th5–1 D9 2.32(1)
different. The structure of the saturated deuteride,Th6–1 D1 2.52(2)

Th6–1 D4 2.38(3) Zr NiD , is not yet known, however Zr NiD is mono-2 5 2 4.2
Th6–2 D6 2.26(2) clinically distorted and partially ordered (space group I2/c)
D1–2 D3 2.31(3) [16]. Deuterium occupies in an ordered way half of the Zrb 4D1–1 D4 2.01(2)

b tetrahedra that correspond to the 16l site (I4/mcm) andD5–1 D8 2.00(2)
partially two sites that each correspond to 1/4 of the 32D8–2 D8 2.40(4)
available Zr Ni sites. No superstructure has been reporteda 3˚Distance soft constrained to 2.22(2) A.

b for lower deuterides of Zr (Fe,Co,Ni). Hence, the present˚ 2Distance soft constrained to 2.05(5) A.
observation of deuterium ordering in Th AlD is the first2 2.75

of its kind for deuterides with an Al Cu-type metal lattice.2

is chemically acceptable. Furthermore, it should be re- However, superstructures resulting from H ordering are
membered that the short nominal distances resulting from reported for other deuterides, e.g. TbNiAlD (c9 5 2c)0.3

the refinements represent an average of the different local [17] and Zr FeAl D (c9 5 2c) [18].6 2 10

coordinations. Too few systems have so far been studied in order to
Occupation of the 4b site in Th AlD was rejected in draw definite conclusions on factors governing the2 2

Ref. [7], although a model with D atoms randomly deuterium sublattice in deuterides of Al Cu-type com-2

distributed over 16l and 4b sites gave a slightly improved pounds. However, it appears that the axial c /a ratio of the
fit compared to the model with all D in the 16l site intermetallic is important [13]. Zr Fe and Zr Co have very2 2

(R-factor 16.0 vs. 16.4%). The rejection was based on similar c /a ratios, 0.878 and 0.867, respectively, and show
complementary NMR studies where the observed reso- isostructural Zr MD deuterides. The c /a ratio is lower for2 5

nance line width (dominated by dipolar H–H interactions Zr Ni, 0.812, and even lower for Th Al, 0.769. It is2 2

and therefore H–H distances) was compared with the interesting to note that the site preference for D in Zr Ni is2

calculated line width for various hydrogen conformations. intermediate to that of Th Al and Zr Fe/Zr Co. In addi-2 2 2

Table 6
Atomic coordinates and isotropic displacement factors derived from Rietveld refinement of PND data for Th AlD . Space group I4/mcm. Calculated2 2.3

standard deviations in parentheses

Atom Site x y z U Occupancyiso
2˚(103 A )

Al 4a (0 0 1/4) 0 0 1/4 0.79(4) 1
Th 8h (x x 1 1/2 0) 0.1640(1) 0.6640(1) 0 0.50(2) 1
D1 16l (x x 1 1/2 z) 0.3694(2) 0.8694(2) 0.1235(3) 1.65(8) 0.473(4)
D2 4b (0 1 /2 1/4) 0 1/2 1/4 3.4(3) 0.40(1)
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˚Fig. 8. Observed (1), calculated (upper line) and difference (lower line) powder neutron diffraction intensity profile for Th AlD , l 5 1.5554 A.2 2.3
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- Page 154, line 2 (abstract): ”338 K” should be ”388 K”. 
- Table 1: Space group for Th2AlD2.7 should be P 4  2m, not P 4  . 
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Abstract

The short-range deuterium ordering in bcc�-VD0.77 has been investigated by Reverse Monte Carlo modelling based on a total neutron
scattering measurement. Structure modelling was performed in two different modes. Firstly, the deuterium atoms were confined to the ideal
tetrahedral and octahedral positions. Secondly, they were allowed to move freely (under certain reasonable constraints) within the V matrix.
In the first mode, only an insignificant fraction of the deuterium atoms are separated by less than 2 Å, in good agreement with earlier findings.
However, when allowed to displace from the ideal sites, about 12% of the D atoms become engaged in D–D separations of only 1.56 Å. The
significance of this result is discussed. Comparisons show that some of the structural features of the long-range deuterium ordering in the
low-temperature phase�-VD0.75 are maintained up to a length scale of 3 Å in theshort-range order�-phase.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Hydrogen-absorbing materials; Metal hydrides; Interstitial alloys; Crystal structure; Neutron scattering

1. Introduction

Metal hydrides are attracting attention owing to their ap-
plications in rechargeable batteries and their possible use
as hydrogen storage media. Crystal structure investigations
of numerous ordered hydrides as well as theoretical calcu-
lations have established the so-called ‘rule of 2 Å’, which
states that the hydrogen atoms must be separated by at least
2 Å [1,2]. On the other hand, the recent discovery of 1.6 Å
H–H separations in several ZrNiAl-type hydrides[3] as well
as DFT calculations of their electronic structure and bonding
interactions[4], show that certain chemical and structural
situations may modify the simple ‘rule of 2 Å’.

Many metal hydrides are disordered, with hydrogen atoms
distributed over one or more partially occupied sites. The
distances between these sites are often much less than 2 Å.
In such cases, there must be short-range ordering (SRO) of
hydrogen if the ‘rule of 2 Å’ is not to be violated. Crystal
structure analysis, however, normally relies on Bragg neu-
tron scattering, which only yields the (time and space) aver-

∗ Corresponding author. Institute for Energy Technology, P.O. Box 40,
Kjeller N-2027, Norway. Tel.:+47-63-806-499; fax:+47-63-810-920.

E-mail address: magnuss@kjemi.uio.no (M.H. Sørby).

age structure. Hence, no direct information about the SRO
is obtained and it is usually justassumed to take place in
order to satisfy the ‘rule of 2 Å’.

However, there is information on the SRO in the diffrac-
tion pattern in the form of diffuse scattering ‘hidden’
between and underneath the Bragg peaks (and usually dis-
carded as ‘background’). TheReverse Monte Carlo (RMC)
method is perhaps the most generally applicable method to
analyse such diffuse scattering (seeSection 4below). Still,
it has not yet been applied to hydrogen disorder in metal
hydrides.

�-VD0.8 was chosen as the model system for an investi-
gation of the SRO in metal hydrides (deuterides) with RMC.
Its SRO is rather well characterized in different types in ear-
lier studies[5–9]. Cubic�-VD0.8 is actually a solid solution
of deuterium in bcc vanadium. This implies that there are
six tetrahedral and three octahedral interstices per vanadium
atom. The unit cell is shown inFig. 1 and the tetrahedral
sites are indicated. All the tetrahedral sites are located on
the unit cell faces. Each unit cell face contains four tetrahe-
dral sites in a square arrangement. The octahedral sites (not
shown) are situated in the centre of these squares (i.e. in the
centre of the unit cell face) as well as in the middle of each
unit cell edge. Earlier crystallographic work has revealed

0925-8388/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0925-8388(03)00459-6
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Fig. 1. Unit cell of bcc vanadium (large, dark spheres) with tetrahedral
interstices (small, light spheres). The square arrangements of the interstices
on the unit cell faces are indicated. Octahedral interstices in the centre
of these squares and at the centre of each unit cell edge are omitted for
clarity.

that most of the hydrogen (or deuterium to be precise) is
distributed over the tetrahedral sites, whereas a small, yet
significant, fraction of the deuterium is situated in octahe-
dral sites; values up to 10% have been reported[10].

Fig. 2. The four closest coordination spheres of tetrahedral sites around
a deuterium atom. The deuterium atom is located in the centre of the
(deformed) tetrahedron formed by the four closest neighbouring sites (1).
The two sites in the second coordination sphere are linearly arranged
around D (2). The eight sites in the third coordination sphere form a
rectangular antiprism (difficult to see in the figure) (3). The four sites in
the fourth coordination sphere form a square that is co-planar with the
deuterium atom. For inter-site distances, seeTable 2.

Previous work on�-VD0.8 was also based on diffuse neu-
tron scattering (from powder and single crystal samples),
however the RMC method has not been used for data anal-
ysis. Instead, the diffuse scattering was analysed in terms of
short-range-order parameters, which were either refined to
fit the observed data[5–8] or calculated directly by Fourier
inversion[9]. The octahedral deuterium was disregarded for
computational simplicity, i.e. only the tetrahedral sites were
considered for deuterium occupation. The earlier results are
in good mutual agreement: the first two coordination spheres
(seeFig. 2) around every occupied deuterium site are empty.
The third coordination sphere has an occupancy lower than
that expected for a random distribution. These findings are
in fair agreement with the ‘rule of 2 Å’ as the D–D distance
to a deuterium atom in the third coordination sphere is about
1.9 Å (seeTable 2).

This study aimed at determining the suitability of RMC
as a method to study the SRO of deuterium in metal hy-
drides. RMC is a more flexible method than those previously
used by allowing more complex structure models. Octahe-
dral deuterium atoms are, for instance, readily included in
the present work, but this was considered too complicated
in the earlier studies.

2. Experimental

Deuterium (2H, purity 99.8%) was used rather than natural
hydrogen due to the much better ratio of coherent to inco-
herent scattering. Deuterium loading was performed in a di-
rect gas–solid-state reaction. Vanadium (Goodfellow, 99.6%
rod) was sealed in a steel autoclave and heated to 723 K un-
der a dynamic secondary vacuum. Five bar deuterium was
introduced and the autoclave was cooled to room tempera-
ture over a period of 16 h. The process was repeated until
there was no increase in the amount of absorbed deuterium
from one cycle to the next. The sample composition was
determined volumetrically as VD0.83(1).

The sample was crushed and loaded into a vanadium con-
tainer (diameter 5 mm) in argon atmosphere. A total neu-
tron scattering measurement was performed at the SLAD
two-axis instrument at the R2 reactor, Studsvik, Sweden
[λ = 1.117 Å; focusing Cu(220) monochromator, position
sensitive detectors][11,12]. The data were corrected for in-
strumental background scattering, scattering from the con-
tainer, absorption and multiple scattering and normalised to
the (almost entirely) incoherent scattering from a pure vana-
dium rod using the program CORRECT[13], which is an
implementation of the procedure described in Ref.[14]. No
Placzek correction for inelastic scattering was carried out
because this is rather ineffective for light nuclides such as
hydrogen/deuterium[15] (pp. 98–99).

The Bragg scattering was analysed according to the Ri-
etveld method using the program FULLPROF[16]. The
background was defined manually and the peak shapes de-
scribed by a pseudo-Voigt function with four refined profile
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parameters. The total (Bragg+ diffuse) scattering was anal-
ysed with RMC using the program RMCPOW[17] described
below. The following scattering lengths and cross sections
were taken from the RMCPOW library:bcoherent(V) =
−0.38240 fm (i.e. σcoherent(V) = 0.018375 barn);
σincoherent(V) = 5.1000 barn;bcoherent(D) = 6.67100 fm
(i.e. σcoherent(D) = 5.5922 barn);σincoherent(D) = 7.6400
barn.

3. Rietveld refinement

Since the scattering from the metal matrix is almost en-
tirely incoherent, the deuterium content is highly correlated
to the scale factor and cannot be found by Rietveld refine-
ment. However, it was estimated to be VD0.77(5) from the
compositional dependence of the unit cell volume described
in Ref. [18]. This is in fair agreement with the volumetric
calculation since some desorption is likely to have occurred
when the sample was removed from the autoclave.

The Rietveld refinement was straightforward. The occu-
pations of the tetrahedral and the octahedral sites were re-
fined with constraints on the overall deuterium composition.
Tetrahedral and octahedral deuterium were given a single
common temperature factor. 6.0(2)% of the deuterium atoms
were found to occupy octahedral sites. The results are pre-
sented inTable 1. The fit between observed and calculated
powder neutron diffraction (PND) profiles is shown inFig. 3.

4. Reverse Monte Carlo calculations and RMCPOW

Reverse Monte Carlo (RMC) is a general method for
structural modelling of liquids, glasses and crystalline ma-
terials based on diffraction data (or, in principle, any kind

Fig. 3. Observed (circles), calculated (solid line) and difference (below) plot as obtained by Rietveld refinement. Space groupIm-3m. Bragg reflections
are marked by vertical ticks. wRp = 1.23% (whole pattern, background included).

Table 1
Site occupancies and displacement factors derived from Rietveld refine-
ment of PND data for VD0.77. Space groupIm-3m. Site occupancies are
fractions of fully occupied sites. Calculated standard deviations in paren-
theses (a = 3.1604(1) Å)

Atom Site Occupancy Biso (Å2)

V 2a (0 0 0) 1 0a

D1 (tet) 12d (0 1
2

1
4) 0.1207(3) 1.61(2)b

D2 (oct) 6b (0 1
2

1
2) 0.0153(5) 1.61(2)b

a Not refined due to insignificant contribution.
b Biso is constrained to be equal for all D.

of experimental data that can be calculated from a structure
model)[19]. An extensive review of the method is given in
Ref. [20]. The RMC program RMCPOW[17] is optimised
for studying disorder in crystalline materials from powder
diffraction data. The modelling is performed in the follow-
ing steps:

1. A starting configuration (i.e. structure model) is defined
by a ‘configuration cell’, which is simply a supercell
of the crystallographic unit cell. The configuration cell
typically contains from several hundred to a few thousand
atoms. Periodic boundary conditions are applied to make
an infinite structure model.

2. The differential scattering cross-section (‘intensity’) is
calculated for all the reciprocal lattice points of the con-
figuration cell (within the experimentalQ sphere) using
the normal expression for the structure factor. Incoher-
ent scattering from the constituent elements (isotopes) is
added:

dσ( �Q)

dΩ
= Ic = 1

N

∣∣∣∣∣∣

N∑

j=1

bj exp(i �Q · �rj)
∣∣∣∣∣∣

2

+ I incoherent
c
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where the summation is over all theN atoms with scat-
tering lengthsbj (in the neutron diffraction case) and po-
sitions�rj in the configuration cell. A powder average is
carried out and the result is convoluted with an instru-
mental resolution function to produce a calculated pow-
der pattern for the configuration.

3. An agreement factor for the fit between the observed (Io)
and calculated (Ic) intensity for all measuredQ values,
are calculated:

χ2 =
∑

i

(Io(Qi) − Ic(Qi))
2

A · σ(Qi)2

whereσ(Qi) = √
Io(Qi) and A is a user-defined con-

stant.
4. An atom is moved at random. The powder pattern is

calculated for the new configuration as well as the new
agreement factor,χ2

new.
5. If χ2

new < χ2
old then the move is accepted and the old

configuration is replaced by the new one. Ifχ2
new > χ2

old
there is still a probabilityP = exp[12(χ2

old − χ2
new)] that

the move is accepted.
6. The process is repeated from step 4.

χ2 will gradually decrease until it reaches some equi-
librium value, about which it will oscillate. The resulting
structure model can be regarded as a momentary ‘snap-shot’
picture of the sample’s atomic arrangement.

Initially, only the subset of reciprocal lattice points that
simultaneously are reciprocal lattice points of the crystallo-
graphic unit cell will have non-zero intensity. That is, there
will be Bragg peaks from the crystallographic unit cell and
no ‘background’. As moves are accepted in step 5, the crys-
tal symmetry breaks down. Thus, the rest of the recipro-
cal lattice points will gain intensity. These are smoothed to
model the diffuse scattering between the Bragg peaks.

The moves that are performed in step 4 can be of two
types: adisplacive move represents a small shift of an atom
position. These moves are used to model thermal and static
displacements. In aswap move, two atoms (or an atom and a
vacancy) switch positions. This is very useful to model sub-
stitutional disorder, which would, in practice, be impossible
to model with displacive moves alone.

For this study, a cubic configuration cell containing
6×6×6 crystallographic unit cells was constructed. The
configuration cell thus contains 432 vanadium atoms. 333
deuterium atoms were distributed randomly over the tetrahe-
dral interstices giving the composition VD0.77. ‘Vacancies’
(i.e. non-scattering atoms) were placed in the remaining
tetrahedral and octahedral sites.

To compensate for the lack of an inelastic correction,
a least-square refined second-order background polynomial
was subtracted from the experimental data during the RMC
calculations. A scale factor was also refined to correct for
small systematic errors. The scale factor, which would be 1
for perfectly corrected and normalised data, was around 1.1.

The background polynomial appeared as a nearly straight
line.

The parameterA in the expression forχ2, which is used
to control the ratio of the number of attempted moves to the
number of accepted moves, was decreased from 0.007 at the
beginning of each simulation to 0.0005 towards the end of
the simulations.

5. Results and discussion

It has been argued that short-range ordering of deuterium
is the dominant source for diffuse scattering from�-VDx

[5,6], whereas other effects such as static displacement of
D plays a minor role. Therefore, only swap moves (between
deuterium atoms and vacancies) were performed in the first
stage of the calculations. The vanadium sublattice was kept
fixed. To compensate for theQ-dependent fall-off in Bragg
intensity due to thermal (and possibly static) displacements,
the deuterium scattering length was modified with the tem-
perature factor taken from the Rietveld refinement. No con-
straints were placed on the D–D separations.

Both Bragg and diffuse scattering was well modelled. The
observed and calculated scattering as well as the difference
between them are shown inFig. 4. The D–D radial distri-
bution function,gD–D(r), was calculated from the configu-
ration cell to examine the deuterium distribution (Fig. 5a).
6.6% of the deuterium atoms were situated in octahedral
sites, in fair agreement with the Rietveld result. These are
omitted from the following discussion, i.e. the term ‘coordi-
nation sphere’ refers to a set of tetrahedral sites equidistant
to a deuterium atom in a tetrahedral site.Table 2lists the 15
first coordination spheres, their distance to the central deu-
terium atom and the number of sites in each sphere.Fig. 2
shows the spatial arrangement of the sites in the four closest
coordination spheres around a given D atom.

Table 2
Coordination of tetrahedral sites by other tetrahedral sites in bcc�-VD0.77.
The first 15 coordination spheres are listed. Distances are calculated
according toa = 3.1604 Å for the small cubic unit cell

Coordination Distance Number
sphere number (Å) of sites

1 1.117 4
2 1.580 2
3 1.935 8
4 2.235 4
5 2.499 8
6 2.737 8
7 2.956 16
8 3.160 6
9 3.352 12

10 3.533 8
11 3.706 8
12 3.871 8
13 4.029 24
14 4.328 16
15 4.469 12
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Fig. 4. Observed (circles), calculated (solid line) and difference (below) powder neutron diffraction intensity plot as obtained by swap-only RMC
simulation. They-axis is truncated to elucidate the fit to the diffuse scattering. wRp = 1.42%.

The first coordination sphere was found to be completely
empty, whereas a small fraction of the deuterium atoms
(about 4%) has a neighbour in the second coordination
sphere. Slightly fewer deuterium atoms have a neighbour in
the third coordination sphere (Fig. 5a). The fourth coordi-
nation sphere, however, has a high occupation probability.
More than three-fourths of the deuterium atoms have one or
more deuterium neighbours in this shell. This is more than
three times as many as expected for a fully random D ar-
rangement. This is well summarized inFig. 5b, which shows
the difference ingD–D(r) between our SRO configuration
and a configuration where the D atoms are randomly dis-
tributed over tetrahedral and octahedral sites (6.6% of the
deuterium atoms in octahedral sites in accordance with the
SRO configuration). Hence, negative and positive peaks in-
dicate D–D distances that are under- and over-represented,
respectively, in our configuration relative to the random one.
The most striking feature is the large negative peaks at lowr
values, showing the extensive withdrawal of deuterium from
the closest coordination spheres. The strong positive peak at
r = 2.235 Å shows that the D–D distance corresponding to
the fourth coordination sphere is favourable.

The pronounced SRO features in�gD–D(r) at low r val-
ues gradually vanish asr increases above approximately 4
Å. Hence, at such long length scales there are no longer any
differences in the D–D correlations as compared to the ran-
dom arrangement.

The deuterium in the second coordination sphere violates
the ‘rule of 2 Å’ with a D–D separation of 1.58 Å. How-
ever, the question immediately arises whether this small oc-
cupation is significant. To investigate this further, a similar
RMC simulation was carried out with a D–D cut-off at 1.9

Å, which excludes any occupation of the first two coordi-
nation spheres. The resulting model resembles the previous
one closely. The main difference (except, of course, the com-
pletely empty second coordination sphere) is a higher occu-
pation of the third coordination sphere, although it remains
quite low (about 6% of the deuterium atoms have a neigh-
bour there). The constraint does not influence the quality of
the fit.

Displacive moves were then allowed for the configura-
tion derived without adoption of D–D constraints. The D–D
cut-off was set at 0.7 Å to prevent clustering of D atoms with
a smaller separation than the resolution of the data. The V–D
cut-off was set to 1.5 Å. The temperature factor for the D
atoms was gradually decreased to allow more and more po-
sitional disorder. Finally, it was set to zero to let the thermal
disorder (of deuterium) be fully accounted for by individual
atomic displacements in the structure model. The V atoms
were kept at the crystallographic sites. In fact, because of the
minuscule coherent scattering length, the V atoms’ primary
role in the model is to serve as reference points in order to
exclude possible configurations where D atoms are too close
to V sites and also to make the proper contribution to the in-
coherent contribution. wRp decreases as expected, although
the improvement in the fit is only detected visually when
zooming in on the diffuse scattering (Fig. 6). The changes
in gD–D(r), however, are apparent (Fig. 7). The previously
well-defined coordination spheres have now combined to
form rather broad peaks. These peaks are different from what
one gets by merely convoluting the swap-onlygD–D(r) curve
with some Gaussian function to model uncorrelated thermal
disorder. This indicates that there are some correlations in
the static and/or thermal displacements. A good example is
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Fig. 5. (a) D–D radial distribution function for the configuration obtained
by swap-only RMC simulation. Coordination sphere numbers for tetrahe-
dral sites are given. Unnumbered peaks are due to deuterium in octahe-
dral sites. (b) Difference between the D–D radial distribution function for
our swap-only configuration and a configuration with D randomly dis-
tributed over the interstices. Hence, positive (negative) peaks are due to
D–D distances that are (dis)favoured in the short-range-ordering scheme.

the fact thatgD–D(r) is, apart from the peak atr = 1.56 Å
discussed below, virtually flat below 2.1 Å (note the change
of scale when comparingFig. 5 andFig. 7). This indicates
a static repulsive interaction between the deuterium in each
other’s third coordination sphere. Indications of a correlated
thermal displacement is seen from the width of the peak at
2.2 Å (i.e. the first heavily occupied coordination sphere).
The width corresponds to a mean square displacement of
0.002 Å2, which is an order of magnitude lower than ex-
pected. This suggests that the closest-neighbour deuterium
atoms vibrate in phase.

In addition to the broad peaks there is a rather narrow
peak aroundr = 1.56 Å. Inspection of the configura-
tion reveals that these short D–D distances are not due to
deuterium atoms that have migrated to neighbouring inter-
stices, but rather to large shifts from the ‘ideal’ positions of
well-separated interstices.

The nature of the 1.56 Å peak is dubious. Either it is an
artefact due to systematic errors, or it is due to some real,
yet unknown, features in the deuterium distribution. Its sig-

nificance for the fit to the experimental data is small. When
the simulation is rerun with a V–D cut-off at 2 Å, wRp in-
creases from 0.90 to 1.02% without any visible deterioration
of the fit. It is therefore tempting to discard the peak as ficti-
tious, partly because it strongly violates the ‘rule of 2 Å’ and
partly because its narrowness seems physically implausible.
The FWHM corresponds to a mean square displacement of
only 0.0003 Å2, which is extremely small for deuterium.
However, it can be shown that the Fourier transform of the
peak (and hence its contribution to the calculated scatter-
ing) barely changes if the peak is broadened to reasonable
proportions. Hence, the peak as a whole cannot be rejected
based on its width, but rather thenarrowness should be con-
sidered to possibly result from systematic errors in the data.
The ‘rule of 2 Å’ still weighs against the peak, but credi-
ble violations of this rule have been reported[3]. It is in-
teresting to note that earlier reported short D–D separations
correspond very well with our peak (D–D=1.56–1.64 Å in
RENiInD1.2, RE=La, Ce, Nd). Until further investigations
have been carried out, the question whether the 1.56 Å peak
is ‘real’ or fictitious remains open.

The atomic arrangement of any compound (at equilibrium
and finite temperature) is the result of a compromise between
enthalpy and entropy. The enthalpy favours the atomic con-
figuration that gives the highest possible binding energy and
hence strives to establish an ordered atomic arrangement.
The entropy, which becomes increasingly important with
increasing temperature, favours disorder. At approximately
205 K,�-VD0.75 enters a long-ranged-ordered (LRO) phase,
�-VD0.75 [18]. Entropy is certainly lost during the phase
transition, so the ordered deuterium arrangement must be
favourable with respect to enthalpy. The SRO in the�-phase
must be enthalpy-driven, and it therefore seems likely that
the local deuterium configurations in the�-phase resemble
those in the ordered�-phase. The results of Sugizaki et al.
[9] indicate that this is the case. The same was found in our
investigation and is most readily seen from the configura-
tion with displacive moves.Fig. 7comparesgD–D(r) for our
SRO configuration (after displacive moves) withgD–D(r)

for the LRO �-phase (broadened with an appropriate tem-
perature factor). Apart from the already discussed peak at
r = 1.56 Å the two curves are practically identical up to
r = 3 Å, which correspond to the first two coordination
spheres for the LRO phase. It must be kept in mind that only
two-body correlations are determined directly in scattering
experiments (see Ref.[21] for a convincing example), and
therefore it is impossible to reach any final conclusion about
the three-dimensional local ordering of deuterium from this
study. However, the similarities between the two curves in
Fig. 7 clearly indicate that the local SRO D configurations
in �-VD0.8 resemble the LRO D arrangement in�-VD0.75
at length scales up to 3 Å.

The significance of octahedral deuterium has not been
given much attention so far. 6.6% of the deuterium atoms
have an octahedral coordination in the swap-only config-
uration. Although these atoms do not cause any exciting
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Fig. 6. Observed (circles), calculated (solid line) and difference (below) powder neutron diffraction intensity plot as obtained by RMC simulationwhere
displacive moves were applied. They-axis is truncated to elucidate the fit to the diffuse scattering. wRp = 0.90%.

features such as short D–D distances, it is considered benefi-
cial to include them to make the model more realistic. Their
absence would influence the deuterium distribution among
the tetrahedral sites of the model. When displacive moves
are applied, the distinction between tetrahedral and octahe-
dral sites becomes unclear.Fig. 8 shows a density plot of
the average deuterium distribution on the faces of the small
crystallographic unit cell (all interstitial sites are on these

Fig. 7. (———) D–D radial distribution function for SRO�-VD0.77 obtained afterdisplacive moves. (- - -) D–D radial distribution function for LRO
�-VD0.75.

faces). It can be seen that there is no clear border between
the tetrahedral and octahedral sites. This is most easily seen
for the octahedral sites on the cell edges. It can also be seen
that the D atoms actually tend to avoid the centre of the oc-
tahedral sites and are rather distributed around the centre.
An explanation for this may be the fact that the octahedra
are heavily deformed. The distance from the centre to four
of the vanadium atoms is 2.24 Å, which is

√
2 times longer
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Fig. 8. Average deuterium atom density in the{001} planes, i.e. unit cell
faces. The darkness of the shading increases with deuterium atom density;
grey spheres are vanadium atoms. The octahedral site in the centre of
the figure is surrounded by four tetrahedral sites (highest deuterium atom
density). Octahedral sites are also found in the middle of each cell edge
(seeFig. 1).

than the distance to the remaining two vanadium atoms.
Hence, it can be argued that the ‘octahedral’ site is effec-
tively two-coordinated rather than six-coordinated. The dis-
placement from the ‘ideal’ octahedral position shortens two
of the four long V–D distances and increases the effective
coordination of the D atom, presumably with some gain in
bonding energy. This could be investigated further by the-
oretical calculations. The density plot inFig. 8 can be re-
garded as the square modulus of the deuteron wave function.
Hence, ab initio calculations of the deuteron wave function
for this material would be directly comparable to our results.

6. Conclusion

The RMC method is suitable for modelling short-range
order in disordered metal hydrides. When the deuterium

atoms are constrained to the ideal interstitial positions, the
modelling yields a structure model that is in very good
agreement with earlier findings. Modelling with displacive
moves, however, yield some unexpected short D–D distances
of around 1.56 Å. Whether these are due to systematic er-
rors in the data or to real features in the sample remains
open.
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Errata for Paper 3 
 
- Page 214, column 2, line 2: ”…V-D cut-off …” should be ”… D-D cut-off …” 

- Page 214, column 2, line 29: The ordering temperature of 205 K for VD0.8 is taken from 
A. Y. Chervyakov,  I. R. Éntin,  V. A. Somenkov,  S. H. Shilshtein, A. A. Chertkov, Sov. 
Phys. - Solid State 13(9) (1972) 2172-2177. 
while Ref. [18] report onset of ordering at 253 K. 

- Throughout paper: ”δ-VD0.75" should be ”γ-VD0.75" 
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Abstract 
Short-range correlations in ZrCr2D4 have been investigated with total neutron scattering and Reverse Monte 

Carlo (RMC) modelling. Data were collected for the deuteride with a disordered deuterium lattice at 298 K, a 

partly ordered deuterium lattice at 248 K and a fully ordered deuterium lattice at 150 K. Short-range order 

(SRO) prevents occupation of interstitial sites closer than 2 Å from deuterium atoms in the disordered and 

partly ordered samples in agreement with the Switendick criterion and earlier investigations. The deuterium 

configurations at 298 K and 248 K resemble those found in the fully ordered phase at length scales up to about 

4 Å. There is no appreciable difference in the short-range deuterium correlations or the extent of the SRO at 

248 K as compared to at 298 K. The differences and similarities with the previously investigated compound 

VD0.8 are discussed. 
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1. Introduction 

Intermetallic compounds often form metal hydrides (and deuterides) with a disordered 

hydrogen sublattice at ambient and high temperature. The hydrogen atoms are distributed 

over some partly occupied sites without any long-range order (LRO). Analyses of their 

atomic arrangements are usually based on Bragg scattering of neutrons (or X-rays), which 

yield the time- and space averaged crystal structure represented by a unit cell. The Bragg 

scattering thus contains information on which interstitial sites that are preferably occupied 

by deuterium atoms as well as their average degree of occupancy. However, all information 

about correlations between the atoms is lost due to the time- and space averaging. This can 

be a serious drawback in studies of disordered systems where the actual interatomic 

distances may differ substantially from those found in the crystallographic unit cell. For 

instance, the distance between partly occupied hydrogen sites in highly disordered hydrides 

can be much less than the minimum expected H-H separation of 2 Å (the “Switendick 

criterion” [1,2]). Nevertheless, the actual H-H separation may agree well with the 

Switendick criterion if short-range order (SRO) prevents neighbouring sites from being 

occupied simultaneously. Information about such SRO is contained in the diffuse scattering, 

which is “hidden” between and underneath the Bragg peaks and usually simply discarded as 

background. The Reverse Monte Carlo (RMC) method [3] is a general method for analysis 

of such diffuse scattering. Still, it was first recently applied to studies of disordered metal 

hydrides (deuterides) when SRO in α-VD0.8 was studies with RMC modelling of total 

neutron scattering data [4]. RMC successfully described the deuterium distribution in α-

VD0.8 and gave important insight into the D-distribution between close octahedral and 

tetrahedral sites in the bcc lattice of vanadium. Although the distribution is basically in 

agreement with the Switendick criterion, it gave also some D-D distances of around 1.56 Å 

due to large atomic displacement within well-separated interstitial sites. It was not evident 

whether these short distances were real or caused by some error in the experimental data. 

In the present study, the ternary deuteride ZrCr2D4 is characterized by RMC and total 

neutron scattering at temperatures between 150 and 298 K. This analysis is far more 

complex than that of the previously studied vanadium deuteride. VD0.8 is a pseudo-one-

component system from a neutron scattering point of view due to the very small coherent 

scattering cross section of vanadium. Hence, only the D-D correlations contribute 
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significantly to the total neutron scattering. In the present case, six sets of pair correlations 

are in play: Zr-Zr, Zr-Cr, Zr-D, Cr-Cr, Cr-D and D-D. 

Cubic ZrCr2 (C15 Laves phase, space group Fd 3  m) forms deuterides with a maximum 

deuterium content about ZrCr2D4 [5]. At room temperature, the deuterium distribution in 

ZrCr2D4 is disordered and the symmetry of the intermetallic is retained. A powder neutron 

diffraction (PND) study conducted by Irodova et al. concluded that the deuterium atoms 

predominantly occupy the Zr2Cr2 tetrahedra (96g) while a small fraction (about 9% of the 

deuterium atoms) are situated in ZrCr3 tetrahedra (32e) [6]. The PND data contained 

significant diffuse scattering, which was analysed by in terms of short-range order (SRO) 

parameters. The SRO parameters indicated blocking of deuterium sites closer than 2 Å in 

agreement with the Switendick criterion. 

On cooling, the deuterium sublattice in ZrCr2D4 starts to order at around 250 K. The 

ordering is complete at around 150 K [7]. Irodova et al. suggested a monoclinic structure for 

the ordered deuteride (space group Bb) [6]. The metal matrix was basically unchanged, and 

the deuterium sublattice was fully ordered with one third of the Zr2Cr2 sites occupied and 

the remaining sites empty. Kohlmann et al. showed that the structure could be described in 

the higher-symmetry space group C2/c which reduced the number of unique deuterium sites 

from eight to four [7]. Their PND analysis indicated that about 8% of the sample remained 

in the disordered cubic state even at 1.6 K. The onset temperature for deuterium ordering 

falls sharply with decreasing deuterium content and is around 120 K for ZrCr2D3.2 [8].  

The aim of the present work is to analyze the total neutron scattering data using RMC in 

order to investigate possible relations in the short-range D-D distribution between the 

disordered and ordered phase. ZrCr2 deuteride is considered as a relevant model system for 

short-range order and order-disorder transitions in metal deuterides, as it represent a large 

group of metal deuteride of possible technical importance; the Laves phase deuterides. 

2. Experimental 

ZrCr2 was prepared by argon arc-melting from a stoichiometric mixture of zirconium 

(Metron Inc. 99.95%) and chromium (Goodfellow 99.99%). The cast material contained a 

mixture of the two hexagonal high-temperature Laves phases of ZrCr2 with C14 (MgZn2-

type) and C36 (MgNi2-type) structure [9]. The cubic C15 (MgCu2-type) Laves phase, which 

is stable at room temperature, was obtained by annealing at 1423 K in evacuated, double 
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quartz tubes for 1 week with the alloy wrapped in tantalum foil that might act as getter if 

required. 

The sample was sealed in a steel autoclave and activated by heating to 723 K under 

dynamical vacuum. The deuteride was prepared in a direct reaction between ZrCr2 and 

deuterium gas at about 2.5 bar. Deuterium was used rather than natural hydrogen due to the 

high incoherent neutron scattering cross section of the 1H nucleus. The autoclave was 

cooled to about 200 K in a methanol and solid CO2 mixture to achieve high deuterium 

content. When no further deuterium absorption took place, the autoclave was cooled in 

liquid nitrogen in order to minimize desorption of deuterium upon opening of the autoclave. 

The autoclave was quickly transferred to an argon-filled glove box where the sample was 

crushed and sealed in a 6 mm vanadium container. 

Powder neutron diffraction data were collected with the PUS two-axis instrument at the 

JEEP II reactor at Kjeller, Norway [λ = 1.555 Å, focusing Ge(511) monochromator, 

position sensitive detectors] [10]. The narrow 2θ range from 34o to 54o, which contained 

some of the major ordering peaks, was measured at various temperatures between 180 and 

264 K. 

Four total neutron scattering measurement were performed at the SLAD two-axis 

instrument at the R2 reactor, Studsvik, Sweden [λ = 1.117 Å, focusing Cu(220) 

monochromator, position sensitive detectors] [11]. Data were recorded at room temperature 

and 150 K as well as just below and just above the onset of ordering (248 K and 252 K, 

respectively). The data were corrected for instrumental background, scattering from the 

container and cryostat, absorption and multiple scattering and normalised to the (almost 

entirely) incoherent scattering from a pure vanadium rod by means of the program CORRECT 

[12], which is an implementation of the procedure described in Ref. [13]. The data were 

corrected for paramagnetic scattering assuming a magnetic moment of 1 BM for Cr. No 

Placzek-correction for inelastic scattering [14] was carried out because it is generally 

inappropriate for materials that contain light elements [15].  

The Bragg scattering was analysed according to the Rietveld method [16,17] using the 

program FULLPROF [18]. The background was defined manually (the disordered phase) or by 

a 3-term polynomial (the ordered phase). The peak shapes were described by a pseudo-

Voigt function with 4 refineable profile parameters (three half width parameters and one 

mixing parameter). The total (Bragg + diffuse) scattering was analysed with the RMC 



 5

technique using the program RMCPOW [19,20] described below. The scattering lengths and 

cross sections were taken from the RMCPOW library: bcoherent(Zr) = 7.160 fm; σcoherent(Zr) = 

6.442 barn; σincoherent(Zr) = 0.018barn; bcoherent(Cr) = 3.63500 fm; σcoherent(Cr) = 1.660 barn; 

σincoherent(Cr) = 1.830 barn; bcoherent(D) = 6.671 fm; σcoherent(D) = 5.5922 barn; 

σincoherent(D) = 2.048 barn. 

3. Results and discussion 

Rietveld refinements and the order-disorder transition 

Several quick PND scans (Fig. 1) revealed that deuterium ordering starts between 254 K 

and 252 K for the current sample in good agreement with earlier findings for ZrCr2D3.8 [7]. 

Figs. 1 and 2 show that the ordering process has typical second-order character.  

30 35 40 45 50 55

254 K
260 K

252 K
250 K

240 K
246 K
248 K

180 K
200 K
220 K
230 K

264 K

In
te

ns
ity

 [a
rb

. u
ni

ts
]

2θ [deg]  
Fig. 1 PND data (PUS, λ = 1.555 Å) for ZrCr2D4 at various temperatures. The data sets are shifted 
along the y-axis for clarity. Note the appearance of ordering peaks below 252 K. The 3  12 ordering 
peak (confer Fig. 2) is marked with an asterisk (*). 

The total neutron scattering data recorded on SLAD at 298 K and 150 K are shown in 

Fig. 3. The pronounced diffuse scattering which is present for the disordered phase at 298 K 

is replaced with several ordering Bragg peaks on a practically flat background for the 

ordered phase at 150 K. The SLAD data recorded at 252 K showed no sign of long-range  

* 
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deuterium ordering whereas weak 

ordering peaks were observed at 

248 K. The small difference in onset  

temperature between the SLAD and 

PUS data may be due to differently 

calibrated thermo-couples or lack of 

complete thermal equilibrium during 

the faster PUS measurement. 

Rietveld refinement gave the 

composition ZrCr2D3.88(3) for the 

disordered phase and revealed a 

deuterium distribution in good 

agreement with earlier findings [6,7]. 

The result is summarized in Table 1 

and the Rietveld fit is shown in Fig. 4. 

91.0% of the deuterium atoms are 

situated in Zr2Cr2 coordinated 96g 

tetrahedra while the remaining 9.0% 

are situated in ZrCr3 sites (32e). 

The SLAD data for the ordered phase 

at 150 K were fitted well by the C2/c 

structure reported in Ref. [7] (Fig. 5). 

The refined structure model showed 

nearly complete ordering within the 

four deuterium sites and a refined 

composition ZrCr2D3.96(2) (Table 2). 

There were no indications of remnants 

of the disordered phase in contrast to 

the report in Ref. [7].  
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Fig. 2 The temperature evolution of the integrated 
intensity of the 3  12 ordering peak (confer Fig. 1). The 
transformation has typical second-order character. 
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Fig. 3 Total neutron scattering data (SLAD, λ = 1.117 Å) 
for ZrCr2D4 at 298 K and 195 K. Note the diffuse 
scattering at 298 K and the additional Bragg peaks at 
150 K. The 298 K data are shifted up the y-axis for 
clarity. 
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Fig. 4 Observed (circles), calculated (solid line) 
and difference (below) PND pattern  (SLAD, 
λ = 1.117 Å) as obtained by Rietveld refinement of 
disordered ZrCr2D4 at 298 K. Vertical ticks mark 
positions of Bragg reflections. wRp = 3.10% 
(whole pattern, background included). 

Fig. 5 Observed (circles), calculated (solid line) and 
difference (below) PND pattern (SLAD, 
λ = 1.117 Å) as obtained by Rietveld refinement of 
ordered ZrCr2D4 at 150 K. Vertical ticks mark 
positions of Bragg reflections. wRp = 3.99% (whole 
pattern, background included). 

 

Table 1 Results from Rietveld refinement of powder neutron diffraction data for disordered ZrCr2D4 at 
298 K. Space group Fd 3  m (setting 2), a = 7.7154(3) Å. Calculated standard deviations are given in 
parentheses. Biso are constrained to have the same value for the same elements. 

Atom Site x y z Biso (Å2) Occupancy 
Zr 8b (fixed) 3/8 3/8 3/8 0.51(1) 1 

Cr 16c (fixed) 0 0 0 0.57(2) 1 

D1 96g (x x z) 0.43567(9) 0.43567(9) 0.6289(2) 1.10(2) 0.294(2) 

D2 32e (x x x) 0.7820(6) 0.7820(6) 0.7820(6) 1.10(2) 0.087(2) 
 

Table 2 Results from Rietveld refinement of powder neutron diffraction data for ordered ZrCr2D4 at 
150 K. Space group C2/c, a = 9.414(1) Å, b = 5.4618(7) Å, c = 9.3776(9) Å, β = 108.877(7)o. Calculated 
standard deviations are given in parentheses. Biso are constrained to have the same value for the same 
elements. 

Atom Site x y z Biso (Å2) Occupancy 
Zr 8f (x y z) 0.437(2) 0.2521(7) 0.063(1) 0.10(1) 1 

Cr1 8f (x y z) 0.2490(7) 0.018(1) 0.2525(8) 0.31(2) 1 

Cr2 4e (0 y ¼) 0 0.244(1) ¼  0.31(2) 1 

Cr3 4d (fixed) ¼ ¼ ½ 0.31(2) 1 

D1 8f (x y z) 0.0645(6) 0.1275(8) 0.4330(5) 1.01(2) 0.98(1) 

D2 8f (x y z) 0.0671(6) 0.4410(9) 0.1281(5) 1.01(2) 0.99(1) 

D3 8f (x y z) 0.2520(5) 0.0562(9) 0.0615(4) 1.01(2) 1.01(1) 

D4 8f (x y z) 0.3734(7) 0.2761(7) 0.2536(6) 1.01(2) 0.98(1) 
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Reverse Monte Carlo calculations 

The reverse Monte Carlo method for structure modelling is described in detail elsewhere 

[3,21]. The general idea is to fit a structure model to some experimental data (e.g. total 

neutron scattering data) by making random changes to the structure model. Those changes 

that improve the agreement between the experimental signal and the corresponding 

calculated signal are accepted. Changes that deteriorate the agreement are rejected with a 

probability that increases exponentially with the degree of deterioration. The process is 

repeated until there is no further improvement in the agreement. 

The computer program RMCPOW [19,20] was used in the RMC modelling. RMCPOW is 

designed for simultaneous modelling of Bragg and diffuse neutron or X-ray scattering from 

disordered crystalline materials. Two different kinds of changes, or ‘moves’, can be applied 

to the structure model. A displacive move is a small shift in an atomic position. Displacive 

moves are used to model dynamic disorder and static displacements. A swap move is 

realized by permitting two atoms of different kind to swap positions, which is useful for 

modelling substitutional disorder. Short-range deuterium ordering in disordered metal 

deuterides can be modelled with swap moves by placing a ‘vacancy’ (i.e. a reference atom 

with no scattering power) in all vacant interstitial sites and allowing deuterium atoms and 

‘vacancies’ to swap places. 

To compensate for the lack of inelasticity correction, a second- order polynomial was 

refined and subtracted from the experimental data during the RMC modelling. Moreover, 

the experimental data were divided by a refineable scale factor to correct for systematic 

errors. The scale factor should be 1 for perfectly normalized and corrected data. In the 

present work, the displacements of the atoms were highly correlated to the scale factor. 

When the scale factor was fixed to its ideal value of 1, a significant proportion of the atoms 

moved far away from their average crystallographic sites and engaged in unphysically short 

interatomic distances. This problem was particularly pronounced for the metal atoms – for 

unclear reasons. The Rietveld refinements gave no indication of disorder in the metal 

sublattice. To circumvent the problem, the scale factor was locked to 0.7 throughout the 

simulations, which yielded a Gaussian distribution of the metal atoms around the 

crystallographic sites with mean-square displacements in correspondence with the Rietveld 

displacement factors. It should be noted that the value of the scale factor only influences the 
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atomic displacements in the structure models. Other features, such as the average atomic 

separations, are not affected. 

0

1

2

3

4

298 K 
RMC, swap moves

S(
Q

) [
ba

rn
]

Q [Å-1]
0 2 4 6 8 10

-0.45

0.00

0.45

 
Fig. 6 Observed (circles), calculated (solid line) and difference (below) total neutron scattering intensity as 
obtained by RMC modelling with swap moves for disordered ZrCr2D4 at 298 K. wRp = 6.98% 
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Fig. 7a) D-D pair distribution function for the structure model of ZrCr2D4 at 298 K as obtained by RMC 
modelling with swap moves. b) Difference between the D-D pair distribution function for the swap-only 
model and a model with D atoms randomly distributed over interstitial sites. Positive (negative) peaks 
indicate D-D distances that are (dis)favoured owing to short-range order. The plot is shifted down the y-axis 
for clarity. 



 10

A structure model of the cubic disordered phase was constructed from 125 (5 x 5 x 5) 

crystallographic unit cells. The correct amount of deuterium atoms was randomly 

distributed over the tetrahedral interstices (96g and 32e) and ‘vacancies’ were placed in the 

remaining ones. Hence, the structure model contained 1000 Zr atoms, 2000 Cr atoms, 3879 

D atoms and 12121 ‘vacancies’. Occupational SRO in the deuterium sublattice was 

expected to be the dominant source of diffuse scattering. Hence, modelling of the 298 K 

data was first performed with only swap moves between deuterium atoms and ‘vacancies’ 

while constraining all atoms to their ideal crystallographic sites. To account for the Q-

dependant loss in intensity due to thermal (and possibly static) disorder, the atomic 

scattering lengths were modified with Debye-Waller factors taken from the Rietveld 

refinement. This is equivalent with assuming uncorrelated Gaussian displacements of the 

atoms around their crystallographic sites. Thermal diffuse scattering corresponding to the 

loss of Bragg scattering was added to the calculated scattering. No constraints were put on 

the D-D distances. The resultant RMC fit to the experimental data is shown in Fig. 6. The 

diffuse scattering is noticeably under-fitted, yet its shape is correctly modelled. 8.3% of the 

deuterium atoms are situated in ZrCr3 sites in good agreement with the Rietveld results. The 

partial D-D pair distribution function (PDF), gD-D(r), calculated from the structure model is 

shown in Fig. 7a. Despite its insufficient yield of diffuse scattering, the structure model 

shows a complete blocking of interstitial sites closer than 2 Å to a deuterium atoms in 

accordance with the Switendick criterion and the results in Ref. [6]. The short-range order is 

well illustrated by ∆gD-D(r) (Fig. 7b), which is the difference between the gD-D(r) obtained by 

RMC and gD-D(r) calculated for a model where the deuterium atoms are randomly distributed 

over the 96g and 32e sites in the relevant proportion. Hence, positive and negative peaks in 

∆gD-D(r) represent D-D distances that are over- and under-represented, respectively, in the 

RMC model compared to the random model. The most prominent feature in ∆gD-D(r) is the 

large negative peaks below 2 Å which represent withdrawal of deuterium atoms from the 

close surroundings of other deuterium atoms. The positive peaks between 2 and 3 Å show 

that D-D separations in this range are favourable. The short-range order is lost above some 

5 Å, and ∆gD-D(r) is featureless at higher r-values. 
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Fig. 8 Observed (circles), calculated (solid line) and difference (below) total neutron scattering intensity 
as obtained by RMC modelling with swap- and displacive moves for disordered ZrCr2D4 at 298 K. 
wRp = 3.53%. 

Modelling with displacive moves was carried out with the swap-only model as the starting 

point. The Debye-Waller factors were gradually decreased to zero in order to let individual 

atomic displacements account for the disorder in the sample. The following constraints were 

put on minimum interatomic distances: Zr-Zr: 2.9 Å; Zr-Cr: 2.7 Å; Zr-D: 1.5 Å; Cr-Cr: 

2.2 Å; Cr-D: 1.1 Å; D-D: 0.7 Å. The resultant RMC fit to the experimental data is shown in 

Fig. 8. The diffuse scattering becomes more adequately described than by the swap-only 

model. The changes in the atomic arrangement are, however, rather subtle. To facilitate 

comparison of the two structure models, the sharp peaks in the partial PDFs for the 

swap-only model were broadened according to the Rietveld displacement factors. The 

metal-metal pair distribution functions are very similar for the two RMC models. This 

shows that uncorrelated Gaussian displacements describe the disorder in the metal lattice to 

a good approximation. On the other hand, noticeable differences are found in the partial 

PDFs that involve deuterium. The gD-D(r) function for the RMC model with displacive 

moves is compared to that of the Gaussian broadened swap-only model in Fig. 9. The 

displacive moves introduce a sharp peak in gD-D(r) at the cut-off value of 0.7 Å that 

obviously can discarded as an artefact since it represents D-D separations shorter than in the 

deuterium molecule. When repeating the modelling with a D-D cut-off at 1.7 Å the fit was 

only slightly deteriorated (wRp increased from 3.53 to 3.75) and the partial PDFs did not 
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change significantly except from the disappearance of the mentioned spurious peak. The 

width of the first true peak in gD-D(r) is a measure of the distribution of D-D distances 

between the closest deuterium neighbours. The peak width from the RMC model with 

displacive moves is about 60% of that obtained with uncorrelated Gaussian distribution, 

which indicate that the nearest-neighbour deuterium atoms vibrate partly in phase. The same 

is the case for the metal-deuterium pair distribution functions, but to a lesser extent. It 

should be noted that the apparent correlations in the deuterium displacements rely on the 

scaling of the experimental data. There is evidence for static repulsion between nearest-

neighbour deuterium atoms, since the displacive moves shift the first coordination sphere 

peak to a slightly higher r-value (2.09 Å vs. 2.04 Å). In contrast, the second peak in gD-D(r) is 

shifted to slightly lower r-values (2.85 Å vs. 2.93 Å), which indicate some attractive 

interaction between next-nearest deuterium neighbours. The static displacements are not 

sensitive to the scaling of the data. 
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Fig. 9 D-D pair distribution function for RMC models (298 K) made by swapping (dotted line; 
broadened according to Rietveld displacement factors) and by swapping followed by displacive moves 
(solid line) 

The total scattering data recorded at 252 K showed no appreciable difference from the room 

temperature data. However, the 248 K data showed weak ordering peaks. RMC modelling 
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was performed as described for the room temperature data. The structure model was 

constructed from 112 (4 x 7 x 4) monoclinic low-temperature unit cells in order to provide a 

pseudo-cubic model box. The structure model thus contained 896 Zr atoms, 1792 Cr atoms, 

3584 D atoms and 10752 vacancies. The obtained D-D PDF resembles closely the one at 

298 K. However, the observed ordering peaks were not properly modelled. This is probably 

due to the limited size of the structure model. Long-range order is well described by 

periodic boundary conditions and short-range order that extend over a few Angstroms is 

well modelled by a relatively small structure model, whereas partial long-range order may 

be impossible to describe properly without the use of partial occupancy unless the structure 

model is very large. To check whether there are major differences in the atomic distribution 

between 248 and 298 K, the experimental data were Fourier transformed with the program 

MCGR [22] to obtain the total pair distribution function, G(r), which is the weighted sum of 

the partial PDFs [23]. Any differences in the deuterium correlations should be readily seen 

even though six pair-correlations contribute to G(r), since gD-D(r) constitute 57% of the total 

G(r). As seen from Fig. 10 there is no appreciable differences in the total PDFs. Hence, the 

local D-D distribution is rather insensitive to the onset of long-range deuterium order; at 

least at the two-body correlation level. It may have a pronounced influence on the many-

body correlations, however, this cannot be directly verified by scattering experiments. 
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Fig. 10 Total pair distribution functions, G(r), obtained by Fourier transforming the experimental total 
scattering data recorded at 298 K and 248 K. See text for discussion. 
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Modelling of 150 K data for the LRO phase was done similarly. Since the Rietveld 

refinement indicated an almost perfectly ordered structure, swap moves were not applied 

prior to the use of displacive moves. The observed and calculated scattering and their 

difference are shown in Fig. 11. Again, there are no significant correlations in the 

displacement of metal atoms, but the first peak in all deuterium-related partial PDFs are 

narrower than what one would expect from uncorrelated Gaussian movements. The width of 

the first peak in gD-D(r) is only 40% of the expected value for uncorrelated displacements 

indicating strong correlations in the nearest-neighbour deuterium displacements. There are 

obviously no static displacements as compared to the Rietveld model since the atoms in the 

fully ordered structure have well-defined coordinations, which are adequately described by 

the average Rietveld model. 
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Fig. 11 Observed (circles), calculated (solid line) and difference (below) total neutron scattering intensity as 
obtained by RMC modelling with displacive moves for ordered ZrCr2D4 at 150 K. wRp = 4.95%. 

The well-defined deuterium configuration in the long-range ordered (LRO) low-temperature 

phase is favourable with respect to enthalpy. It is therefore reasonable to assume that the 

local deuterium configurations in the disordered phase resemble those in the ordered phase, 
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even though the entropy prevents them from persisting at long range. A comparison of 

gD-D(r) for the ordered and disordered phase supports this assumption (Fig.12a). There is a 

clear resemblance in the PDFs over the entire distance range considered. The static 

displacements discussed above make the two first peaks in gD-D(r) for the SRO phase 

coincide almost perfectly with those from the LRO phase. This is a strong indication that 

the static displacements are indeed real features of the short-range deuterium correlations. 
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Fig. 12 D-D PDF for a) RMC-models obtained from total neutron scattering data recorded at 150 K 
(solid line) and 298 K (dotted line) b) model with deuterium randomly distributed over the 96g and 32e 
sites in proper ratio compared to that for an RMC model of the 298 K SRO phase. 

a) 

b) 
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The gD-D(r) for a random deuterium distribution over the tetrahedral sites, broadened 

according to the Rietveld displacement factors, is compared to the SRO deuterium 

distribution in Fig. 12b. The PDFs are completely different below 2 Å due to the blocking of 

neighbouring deuterium sites in the real material. There are clear similarities in the two 

curves above 2 Å with peaks occurring at the same r-values (when corrected for shifts due 

to static displacements). However, the heights of the peaks are rather different. By 

comparison to Fig. 12a, it is seen that the three first peaks in gD-D(r) for the SRO model 

(between 2 and 4 Å) resemble more closely the LRO model than the random distribution. 

The similarity between the SRO and the random model increases for r greater than 4 Å and 

the curves are practically identical above 12 Å. There are marked differences between the 

SRO and LRO distribution in the same r-range. From these findings, it is reasonable to 

assume that deuterium atoms adapt a surrounding deuterium coordination that resembles 

those found in the ordered phase at length scales up to some 4 Å.  

Except the common feature of blocking of sites closer than 2 Å from deuterium atoms, the 

aspects of the short-range order are noticeably different for ZrCr2D4 and α-VD0.8 [4]. The 

clear resemblance between SRO and random deuterium distribution in ZrCr2D4 (Fig. 12b), 

was not found for α-VD0.8. On the contrary, the D-D PDF for a random deuterium 

distribution in vanadium is relatively featureless and very different from the gD-D(r) obtained 

by RMC, which has distinct coordination spheres in accordance with the ordered low-

temperature structure. This difference has a pure geometric origin. The coordination spheres 

of interstitial sites around a D atom in the bcc structure of vanadium are evenly and closely 

spaced. Consequently, the peaks in gD-D(r) for a random D distribution will overlap and 

become a rather featureless band of D-D distances when thermal displacement is taken into 

account. SRO must thus impose rather large changes relative to the random deuterium 

distribution in order to show favourable local configurations with resemblance of the LRO 

phase. In ZrCr2, the coordination spheres of interstitial sites around a D atom are unevenly 

separated and are grouped around certain distances. Hence, the coordination spheres form 

clusters in gD-D(r) for the random D arrangement, and these clusters are distributed in a 

similar manner as the deuterium distances in the LRO phase. In other words, the distribution 

of D-D distances is rather similar for the LRO phase and a hypothetical phase with random 

D-distribution over the sites. Hence, relatively modest changes need to be made to the 

random model in order to obtain local configurations that resemble those in the LRO phase. 
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