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Abstrakt: Magnetické vlastnosti byly studovány u několika systémů na bázi 

aktinoidů a vzácných zemin. Nepřímo jsme ukázali, že anizotropie kompresibility a 

termální expanze souvisí se směrem magnetických momentů U-sloučenin. Snadněji 

stlačitelný směr (směr nejkratších meziuranových vzdáleností) je kolmý na 

magnetické momenty.  Vzácnozeminné sloučeniny typu 2-2-1 mohou absorbovat 

mnohem větší množství vodíku než jejich uranové protějšky. Uranové sloučeniny 

jsou stabilnější vůči hydrogenaci v důsledku zapojení 5f-elektronů do kovové vazby. 

Základní elektronové vlastnosti β-Pu byly určeny pomocí simulace sloučeninou ζ-

Pu19Os. Pro porovnání byly určeny i vlastnosti nízkoteplotní variety η-Pu19Os. Bylo 

ukázáno, že objem není primární řídící parametr vlastností plutonia, když je β-Pu 

nejvíce korelovanou fází. 
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Introduction 
 

Interstitial doping by hydrogen can be used for changing both crystal and electronic 

structure of intermetallic compounds. As a result, the new compounds (hydrides) 

exhibit qualitatively new physical properties and such modifications provide us with 

additional information on the peculiarities of interatomic interactions in the initial 

compounds. One should consider two main effects of hydrogen absorption on 

intermetallic compounds.  Hydrogen can be considered as a “negative” pressure (acts 

as small perturbation on the system expanding it).  The other sometimes more 

important effect is the bonding of hydrogen to other atoms in the lattice.   

 

This work presents the results of hydrogen absorption of two groups of compounds. 

One part is devoted to the study of crystal structure and magnetic properties of 

compounds with UTX composition (T = transition metal, X = p-metal) and their 

hydrides. In the second part we discuss a study of impact of hydrogen absorption on 

isostructural U2T2X and RE2T2X (RE = rare-earth) compounds. 

In addition, we have studied also for long time unknown properties of β-plutonium. 

It is stable only between 398 and 487 K. Although it is not possible to stabilize the β-

phase by doping in a manner of δ-Pu, we have established basic characteristics of β-

Pu by simulating it by a Pu-rich intermetallic compound, Pu19Os, which has its 

crystal structure closely related to β-Pu.   
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1. Electronic and magnetic properties of actinides and 

lanthanides 
 

1.1 Magnetic properties of localized electron system (lanthanides) 
 

The 4f shell responsible for magnetic properties of rare earths has a small radial 

extent and is also well shielded by 5s and 5p shells. Then the 4f shell remains 

localized even if rare earth atoms form a compound. This allows treating the 4f shell 

similarly to the atomic shell of free atom. The energy levels of a localized 4f shell in 

a free ion can be determined from the Hamiltonian: 
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where the first term describes the kinetic energy; the second comes from the 

interaction with other filled shells of nuclear symmetry, which can be schematically 

represented as a central potential of an effective point charge eZ
~

; the last term comes 

from the interaction of the individual 4f electrons within the shell. 

The Schrödinger equation is then solved using Hartree-Fock approximation (one 

electron approximation) in which the Hamiltonian is rewritten as: 
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where Vi (r) are self-consistent Hartree-Fock potentials. The single-particle wave 

functions are written as product of a radial function, a spherical harmonic and spin 

function: 

slsl mlmnlmnlm rYrRr  )ˆ()()(  ,     (1.1.3.) 

where r̂  is the unit vector in the direction of r. 

 

The ground state corresponding to the 4f N is usually degenerated depending on 

correlations and spin-orbit interactions. The energy levels are split in so-called terms. 

The stationary states can be characterized by quantum numbers L, S, Ml and Ms. The 

energy of the terms does not depend on Ml and Ms so the terms are (2Ml+1)(2Ms+1)-
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times degenerate. This degeneracy is lifted by spin-orbit coupling, which splits the 

terms in so-called multiplets corresponding to the total angular momentum  



 SLJ . The ground state (characterized by quantum numbers S, L, J) is 

determined by the Hund’s rules, which say that l and s of the individual electrons 

would combine in such way that: 

1. the total spin S is maximized 

2. subject to maximum S the total orbital momentum is also maximized 

3. in light rare earths L and S combine like J = L – S, in heavy rare earths like J 

= L + S. 

The magnetic moment in the ground state is given by: 

J,gμ B          (1.1.4.) 

where μB is the Bohr magneton and g is called Landé factor given by: 

.
)1(2

)1()1()1(
1





JJ

LLSSJJ
g       (1.1.5.) 

1.1.1 Crystal field 
 

The magnetic 4f electrons in solid state are situated in an inhomogeneous 

electrostatic field, produced by surrounding ions and electrons, which has symmetry 

of the crystal lattice and is called the crystal field (CF). This crystal field makes a 

contribution to the potential energy of a 4f elector with charge –e: 

dR
Rr

Re
rvcf  


)(

)(


,       (1.1.6.) 

where ρ (R) is the charge density of the surrounding electrons and nuclei. If ρ (R) 

does not overlap with the 4f-charge cloud, vcf (r) is a solution of Laplace’s equation 

and may be expanded in spherical harmonics: 

)()( i
m

l
l

lm

m
lcf rYrArv         (1.1.7.) 

and the crystal field Hamiltonian for the whole 4f shell would be: 
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As Stevens [1] has shown, the spherical harmonics m
lY  can be replaced by operators 

)(JOm
l  acting in the space of angular momentum operators. Then the CF 

Hamiltonian (1.1.8.) would have the form of: 

m
ll

l

ml

m
l

m
l

ml

m
lCF OrAOBH  

,,

ˆ .      (1.1.9.) 

Here the operator ri from (1.1.8.) is replaced by the mean value of the lth power of the 

4f radius rl, θl are the Stevens’ factors (commonly used notation θ2 = α, θ4 = β,  θ6 = 

γ) that are tabulated for the rare earth ions [2]; and m
lA and m

lB  are so-called ‘crystal 

field parameters’, which can be evaluated directly from the experimental data. The 

summation is restricted to the l ≤ 6, since the 4f electrons cannot have multipoles 

larger than 6, therefore all matrix elements of )(JOm
l with l > 6 would vanish. The 

sign of each θl reflects the type of asphericity associated with the corresponding 

)(JOm
l , which determine the angular distribution of the 4f shell. For example, θ2 = α 

corresponds to the ellipsoidal distribution. If α < 0, then the electron distribution 

associated with Jz is expanded perpendicular to the moment direction, and if α > 0 

the 4f-electron charge distribution is elongated along the moment direction, for α = 0 

(e.g. Gd3+ ion) the charge density is spherical. 

The degeneracy of the ionic terms is given by the following rules: 

Kramer’s theorem [3] states that the energy levels of ions with an odd number of 

electrons are evenly (at least twofold) degenerate independently on the CF 

symmetry. 

Jahn and Teller [4] have found that for ions with an even number of electrons its 

surroundings would distort to lower the symmetry so that the degeneracy is 

completely removed. Although, due to the smallness of this effect, compared to kBT, 

it is not always observable. 

 

1.1.2 Exchange interactions – RKKY interaction 

 

Magnetic ordering arises due to indirect exchange interaction, mediated by 

polarization of conducting electrons (fig. 1.1). The exchange interaction can be 

described basically as following: when conduction electron passes in the vicinity of a 

magnetic ion, their spins tend to align parallel to each other. This affects both the ion 
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and the conduction electron. In the result the highly mobile electron carries the 

information about the moment orientation on the 4f ion. While passing by the next 

ion it transfers the spin information and the orientation and magnetic moments of 

both ions become correlated with one another. Such mechanism results in a long-

range oscillatory exchange interaction (fig. 1.2), called RKKY interaction (named 

after four scientists: Ruderman, Kittel, Kasuya, and Yoshida). 

 

Figure 1.1. Schematic image of RE-

compound. 

Figure 1.2. Variation of the indirect 

exchange coupling constant, J , of a 

free electron gas in the neighbourhood 

of a point magnetic moment at the 

origin. 

 

The Hamiltonian of the RKKY interaction is written as: 

ji
ji

ijRKKY JJRJH ˆˆ)(
2

1ˆ
,
 .      (1.1.10.) 

The effective exchange parameter J(Rij) is expressed by 
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where the interaction of the ith moment with itself is subtracted. It is also proportional 

to the oscillating RKKY function F: 

 )(2)( jiFij RRkFRJ  ,      (1.1.12.) 

where 
4

sincos
)(

x

xxx
xF


 and kF is the Fermi vector. 

 

The interactions discussed are the origin of the characteristic magnetic properties of 

the rare-earth metals. The long-range and oscillatory indirect exchange gives rise to 

incommensurate periodic magnetic structures, the crystal fields induce a magnetic 

anisotropy which may require fields up to hundreds of tesla to overcome. 
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1.2. Ground state properties of itinerant electron systems  
 

1.2.1. Hubbard model 

 

One of the simplest models to describe the electron correlations and solid state 

magnetism is Hubbard model [5]. It combines electron hopping between neighboring 

sites and the Coulomb repulsion of electrons at the same site. The Pauli principle is 

taken into account. 

The Hubbard Hamiltonian is the following: 


   i

i
iji

ij
ij nnUcctH 



,       (1.2.1) 

where electron hopping is determined by the tij parameter, whereas the parameter U 

models the Coulomb interaction.  ii cc , are the fermion creation and annihilation 

operators for an electron with spin σ on site i and  iii ccn   is the related ladder 

operator counting the occupation on site i. 

This model does not work for the ferromagnetic ordering, since it does not allow 

electron hopping while all the spins are aligned. In order to find a ferromagnetic 

solution, the Hartree-Fock approximation scheme needs to be applied to the Hubbard 

model, which is equivalent with the Stoner model.  

 

1.2.2. Stoner model 

 

The Stoner theory [6,7] of itinerant magnetism for d-metals is the simplest theory 

describing magnetic order in band systems. It is in fact the mean field limit of 

Hubbard model. It describes particles, which move freely in the periodic potential of 

the solid as a more or less free electron gas.  The electron states are not described by 

discrete energy levels but by density of states formed by energy bands.  The model is 

based on the following postulates: 

 the carriers of magnetism are the electrons in the d (or f) band; 

 effects of exchange are treated within a molecular field term; 

 Fermi statistics should be fulfilled. 
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The theory is based on a paramagnetic density of states, which is split into two 

identical bands for spin-up and spin-down.  If an external magnetic field (molecular 

field) is applied, the bands become shifted to new values 
f  

for spin-up and 
f  

for 

spin-down and two sub-bands are formed due to the redistribution of electrons.  The 

occupancies of the spin-up n+ and spin-down n- bands differ therefore.  The Stoner 

equations can be formulated: 




 d

Tk

Nn
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0 1)exp(
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μ is chemical potential, which is equal to the Fermi energy what is the energy of the 

highest occupied state, and consequently the new Fermi energies, caused by the field, 

can be considered as chemical potentials for spin-up (+) and spin-down (−) as μ+ and 

μ-.  The energy shift due to splitting can be given as: 

ΔE = IM = I (n+ – n-)        (1.2.3) 

Both in Eqns. (1.2.2) and (1.2.3), the quantity I is the Stoner exchange factor and M 

is the magnetic moment.  Magnetic susceptibility is determined therefore as: 
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where df/dε is the energy derivative of the Fermi-Dirac distribution. Eqn. (1.2.4) is 

the most general form of the Stoner susceptibility. At T = 0 K it is reduced to: 

SN
IN

N
FB

F

FB )(2
)(1

)(2 2
2



 


       (1.2.5) 

The term )(2 2
FB N   is the Pauli susceptibility describing non-interacting (no 

exchange) gas of free electrons and S is Stoner enhancement factor. If the I*N(εF) 

product is larger than unity, then χ becomes negative and the formation of 

spontaneous magnetic order occurs. This gives rise to well-known Stoner criterion, 

which defines the onset of magnetism if 

IN(εF) ≥ 1         (1.2.6) 
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Since Stoner exchange factor I is quasi-atomic property which depends only very 

little on chemical or metallurgical effects (bonding, alloying, etc.), the possible 

formation of magnetic moments depends on the density of states at Fermi level N(εF). 

 

1.3. Properties of uranium intermetallic compounds 
 

Magnetic properties of uranium compounds cannot be described by one general 

theory, since the properties of actinides intermetallics are strongly dependent of the 

degree of the localization of 5f states.  Compounds with localized 5f states are similar 

to lanthanides (4f). On the other hand compounds with itinerant 5f electrons can be 

described by the Stoner-Edwards-Wohlfarth theory (as 3d).  An important difference 

between 5f and 3d systems is the ratio between the energy of the spin-orbit coupling, 

∆S-O, and the energy width of the 3d (5f) band W3d (W5f). 5f-electron systems are 

characterized by narrower f-bands comparing to 3d bands, but on the otherhand, the 

spin-orbit interaction is much larger in f-electron systems, of the order of eV. Due to 

the strong spin-orbit interaction, typically a large orbital magnetic moment µL is 

induced, which is antiparallel to the spin moment in light actinides. For intermediate 

delocalization, when the 5f–5f overlap is very small, the role of 5f–ligand 

hybridization should be taken into account. 

The degree of localization of uranium compounds is directly dependent on the inter-

uranium spacing. In uranium compounds the critical spacing for Stoner criterion 

being fulfilled is dU-U = 3.4 – 3.6 Å. This value is called the Hill limit. The ground 

state of compounds with smaller inter-uranium spacing is typically nonmagnetic 

(often superconducting). For dU-U larger than Hill limit they incline to the magnetic 

ground state. For dU-U being only slightly above the Hill limit, the 5f–5f overlap leads 

to a direct exchange coupling within the 5f band. In this region of inter-U distances, 

ferromagnetism appears as the only type of ordering. With increasing dU-U more 

antiferromagnets appear, and above dU-U = 401 pm probably no ferromagnet appears 

any more. 

For compounds with dU-U larger than the Hill limit, the main control parameter is not 

the inter-uranium spacing, but the hybridization of the 5f states with electronic states 

of other elements. This is important for the compounds with the transition metals. 

The 5f states of strongly electropositive uranium remain pinned at EF, whereas the 
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late transition metals, being much more electronegative, have particular d states 

shifted toward higher binding energies, thus leaving the 5f–d overlap in energy scale 

small. The d-metals, which are magnetically ordered in pure state like cobalt, nickel 

or iron, become in most cases nonmagnetic in uranium compounds. Exceptions are 

the compounds in which d-magnetism prevails due to a very high content of the 

transition metal. 

Since the spin–spin exchange interaction is essentially isotropic, it is 

magnetocrystalline anisotropy which orients magnetic moments relatively to 

crystallographic axes. It is the two-ion (5f–5f) interaction which plays a major role in 

the anisotropy. Materials with uniaxial symmetry (hexagonal and tetragonal) have 

usually easy magnetization direction either parallel or perpendicular to the c-axis. It 

was found that in most cases the easy-magnetization direction is perpendicular to the 

nearest U–U links. If the uranium atoms form the network within the basal plane, the 

moments have to orient themselves perpendicular to the plane, yielding easy-axis 

anisotropy type. In an opposite case, if uranium atoms form linear chains, an easy-

plane anisotropy appears. 

We can conclude that magnetic properties of uranium intermetallics are strongly 

dependent on the peculiarities of crystal structure (inter-uranium distances, atomic 

environment) and the electronic structure (the degree of f–ligand hybridization, the 

tendency for localization or itinerancy). Any tiny modifications can lead to huge 

changes in magnetism. These small modifications can be provided by interstitial 

doping by hydrogen to study their influence on the compound. 
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2. Hydrides 
 

The sensitivity of the interactions in the f-electron systems to modification of the 

crystal structure makes the experimental techniques involving alternation of the 

atomic arrangement especially important. Various studies under hydrostatic or 

uniaxial compression are well-known examples of such methods. From this point of 

view hydrogenation can be treated as a complementary technique that provides 

„negative“ pressure. In the narrowest sense, the term hydride is used just in cases 

when metal lattice is changed upon hydrogen absorption.  However we will use this 

term in wider sense. We will define hydrides as compounds for which the hydrogen 

absorption leads to the modifications of the crystal structure, such as pure lattice 

expansion or the formation of a new structure. 

Hydrogen absorption can be used to modify magnetic properties of the ternary 

intermetallics. After interstitial hydrogen doping the crystal lattice can be several 

percent larger than before hydrogenation.  

 

2.1. Binary Diagrams of Metal–Hydrogen systems  
 

The phase diagrams of metal–hydrogen systems are often rather complicated and 

contain several ordered structures, especially at lower temperatures. The metal–

hydrogen compounds differ essentially from the ordinary alloys formed of solid 

elements: we cannot change the temperature of a hydride specimen without 

consequent change of the composition. The exchange of hydrogen between initial 

compound and the surrounding atmosphere is of crucial importance in treating 

metal–hydrogen systems. The equilibrium concentration of hydrogen in a specimen 

is a unique function of the temperature T and pressure p of the surrounding H2 gas. 

On Fig. 2.1, a binary phase diagram Ta–H is presented as an example. This diagram 

shows the formation of the solid solution of hydrogen in tantalum. 
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Figure 2.1. Binary phase diagram of tantalum hydride 

 

In the case of intermetallic hydrides, certain positions for hydrogen atoms are 

preferred. Fig. 2.2 presents some favorable positions on the example of three 

principal crystal structures (fcc, hcp, and bcc). Only two types of interstitial sites – 

octahedral and tetrahedral sites are practically the only ones that are occupied by 

hydrogen atoms.  

In the crystal structure determination of hydrides, X-ray diffraction should be 

substituted by neutron experiments in order to locate the positions of hydrogen 

atoms.  In most cases it is better to perform neutron diffraction experiments on 

deuterides because the coherent scattering cross section is much larger and 

incoherent cross section is much smaller in deuterium than in hydrogen. The site 

locations of hydrogen and deuterium atoms are mostly (but not necessarily) the same. 
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Figure 2.2. Interstitial sites (octahedral (O) and tetrahedral (T)) in face-centered cubic 

(fcc), hexagonal closed-packed (hcp) and body-centered cubic (bcc) structures.  The 

interstitials are shown as black dots. 

 

2.2. Hydride formation criteria 
 

In order to make a prediction whether particular material would form a hydride it is 

necessary to take into account various conditions: geometry of the atomic 

arrangement in the unit cell, electronic factors, diffusive kinetics, surface properties, 

etc.  

One of the possible approaches [8] is based on the comparison of the contributions to 

the formation energy of the hydride. The first contribution is the energy to convert 

the crystal structure of the parent compound to the crystal structure formed in the 

hydride. A second contribution, which for some materials is dominant, is the loss of 

cohesive energy when the structure is expanded to form a hydride. This expansion 

lowers the cohesive energy. The final contribution to the hydride formation energy is 

the chemical bonding between the hydrogen and other elements in the compound. 

This is the only contribution which is negative and hence favorable to hydride 

formation. These contributions are relatively high competing with each other. The 

more negative the total enthalpy of hydride formation is, the more probable the 

hydrogenation is. These calculations are not easy for systems more complicated than 

pure metal hydrides. Easier predictions can be made when examining the crystal 

structure of the parent compound. Some geometrical criteria have to be fulfilled to 
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make the hydride formation possible. Geometrical requirements include sufficient 

size for the interstitial positions and their arrangement in space. 

1. Westlake’s criterion states that available interstitial sites must have a 

spherical volume with the radius ≥ 40 pm [9-13]. 

2. The minimum H-H distance should be 210 pm. 

3. According to the “Shoemaker’s exclusion rule” two tetrahedra sharing the 

same face cannot be occupied simultaneously [14-16]. 

Some of the sites that do not satisfy these criteria in the parent compound may 

become suitable for filling with hydrogen due to the lattice expansion after the first 

stage of the hydrogenation. Despite the simplicity of these criteria they are very 

useful as the first estimate of hydrogen absorption possibility. However one should 

keep in mind that there are always some exceptions from these rules due to the fact 

that the stability of the hydride is determined by many factors and none of them 

predominates in all cases. 
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3. UTX and An2T2X (An = U, RE) compounds: state of the art 
 

Magnetic properties of uranium intermetallics are strongly dependent on the 

peculiarities of crystal structure (mainly inter-uranium distances) and any tiny 

modification can lead to huge changes in magnetism. This tiny change can be 

brought by hydrogen absorption [17]. The resulting effects can help us with better 

understanding of the nature of interactions in initial compounds. For this reason 

many U-compounds were already studied with respect to hydrogenation. But there 

are still many compounds which were not studied or some of their properties are not 

understood. We have decided to try to close some open questions in e.g. UNiAl or 

U2Ni2Sn and extend the research to some new compounds of 1-1-1 and 2-2-1 type. 

For comparison, also some rare-earth 2-2-1 compounds were studied to see expected 

different impact of hydrogenation on magnetic properties of 4f- and 5f-compounds. 

 

3.1. UTX compounds 
 

ZrNiAl structure 
 

UTX compounds crystallize in one of four crystallographic structures (hexagonal 

ZrNiAl, GaGeLi, orthorhombic TiNiSi or cubic MgAgAs). ZrNiAl (space group 

mP 26 , atomic positions: U – 3g (xU; 0; 0.5); T1 – 1b (0; 0; 0.5); T2 – 2c (1/3; 2/3; 0); 

X – 3f (xX; 0; 0)) structure is a hexagonal structure with two types of basal planes 

separated by c/2, one with U and T atoms, and the other with T and X atoms (fig. 3.1 

and 3.2).  

 

Figure 3.1. Projection of the ZrNiAl structure type along the c-axis 
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Figure 3.2. Projection of the ZrNiAl structure type onto the xy plane. 

 

Each uranium atom has four nearest uranium neighbors within the U–T layer and U–

T layers are separated by the lattice parameter c. Inter-uranium distances in a 

direction are in the range of the Hill limit, in the c direction are somewhat larger. 

There is strong hybridization along the nearest U direction. Magnetic moments are 

almost universally perpendicular to that direction (along the c-axis). The compounds 

crystallizing with ZrNiAl structure type are characterized by very high magnetic 

easy-axis anisotropy. The close packing within the basal plane leads to non-

negligible 5f-5f overlap and to strong 5f-d hybridization.  As a consequence, a strong 

ferromagnetic coupling of the involved U magnetic moments appears.  In order to 

estimate the type of interactions along the c-axis both, the 5f-d (U-T) and 5f-p (U-X) 

hybridization should be taken into account.  In case the 5f-d hybridization prevails a 

ferromagnetic coupling would rather occur and if the 5f-p hybridization – 

antiferromagnetic. 

 

3.1.1. UNiAl 

 

UNiAl crystallizes in hexagonal ZrNiAl structure (space group mP 26 ). It was found 

to be an itinerant antiferromagnet (TN = 19 K) with strong uniaxial anisotropy, 

reduced U moments (μ ≈ 0.6 μB) and considerably enhanced γ (164 mJ mol-1 K-2) 

[18]. It is close to the onset of magnetism, as its sister compound UCoAl with 

slightly stronger 5f-3d hybridization has a non-magnetic ground state. 

Due to the narrow band character of magnetism of UNiAl even slight changes in the 

5f-ligand and 5f-5f hybridization can cause pronounced modifications of magnetic 
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properties. The UNiAl compound can absorb 2.3 H/f.u or similar amount of D. The 

hydrogenation does not change the type of the crystal structure. It only leads to the 

deformation of the unit cell.  The unit cell volume is increased by approx. 12 %. It is 

the result of the expansion in the basal plane (7 %), which is partly compensated by 

the contraction along the c-axis. The analysis of x-ray diffraction data indicate a 

positional shift of U atoms from (0.572,0,1/2) in UNiAl to (2/3,0,1/2) in UNiAlH2.3 

[19] and also of Ni atoms, which favor accommodation of higher amount of 

hydrogen atoms and increases the symmetry of the U atoms arrangement.  

Modification of the crystal lattice affects magnetic properties of UNiAl because the 

inter-uranium distance is changed by increase of the lattice parameter a and by the 

displacement of U atoms. The shortest inter-uranium distance of UNiAl is within the 

ab-plane and it is proportional to the parameter a. On the other hand the 

hydrogenation increases the a parameter changing the shortest inter-uranium distance 

which is now along the c direction. The ordering temperature then increases up to 

TN ≈ 100 K (fig. 3.3). Low-temperature specific heat measurement shows that the 

value of γ for the hydride (γ ≈ 67 mJ mol-1 K-2) is much lower than for UNiAl. This 

can be understood as due to the formation of more stable magnetic moments, which 

removes some of density of states from the Fermi level.  

 

atom x y z occ. 
U 0.666(2) 0 0.5 1 
Ni(1) 0 0 0.5 1 
Ni(2) 1/3 2/3 0 1 
Al 0.333(2) 0 0 1 
D(1) 0.332(3) 0 0.5 1 
D(2) 0 0 0.033(1) 0.5 
D(3) 1/3 2/3 0.406(1) 0.10(3) 
Table. 3.1. Crystal structure parameters of UNiAlD2.1. 
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Figure 3.3. Comparison of the specific heat of UNiAl and UNiAlD2.1. 

 

3.1.2. U(Ni,Fe)Al 

 

Weak itinerant antiferromagnetism of UNiAl is rapidly suppressed by Fe doping. 

Magnetic order reappears as weak ferromagnetism for 25% Fe (fig. 3.4) [20].  

 

Figure 3.4. Magnetic phase diagram of U(Ni,Fe)Al: transition temperature Tt, circles 

mark the Néel temperature, triangles mark the Curie temperature. 

 

Previous studies [21,22] showed that compounds with less than 30% of Fe can 

absorb hydrogen. The crystal structure preserves its hexagonal symmetry upon 
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hydrogenation or is only slightly distorted. In all studied cases the hydrogen 

absorption leads to the enhancement of magnetic interactions. Figures 3.5 and 3.6 

show temperature and field dependencies of magnetization of UNi0.7Fe0.3Al and its 

hydride. The data can be approximated by Curie-Weiss behavior using paramenters 

shown in the table 3.2. As seen from the figure 3.5 (and the table 3.2) the Curie 

temperature increases from 15 K to 90 K upon hydrogenation. 

 

UNi0.7Fe0.3AlHy a (Å) c (Å) TC (K) θP (K) µ (µB/f.u.) 
y = 0 6.736 3.979 15 -24 2.1a 

1.35b 

y = 0.8 7.016 3.936 90 84 2.4 
a Magnetization data in the temperature range 150 – 300 K were used. 
b Magnetization data in the temperature range 20 – 60 K were used. 

Table 3.2.  Structure and magnetic parameters of UNi0.7Fe0.3Al and its hydride. 

Lattice parameters a and c, parameters of the fit of the susceptibility in the Curie-

Weiss (CW) regime (high T) (effective moment μeff, paramagnetic Curie temperature 

θp) and Curie temperature TC are listed. 

 

Figure 3.6. Field dependence of 

magnetization of UNi0.7Fe0.3Al compared 

with its hydride. 

Figure 3.5. Temperature dependence 

of magnetic susceptibility of 

UNi0.7Fe0.3Al and UNi0.7Fe0.3AlHy. 
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3.2. An2T2X 
 

Majority of An2T2X (An – U,RE, T - late transition metal, X - p-metal) crystallize in 

tetragonal crystal structure of the Mo2FeB2 type [23] (P4/mbm, atomic positions: 

U,RE  4(h) (x, x+1/2, 1/2) T  4(g) (x, x+1/2, 0), X  2(a) (0,0,0)) which is an ordered 

variant of binary U3Si2 type (figs. 3.7 and 3.8). The crystal structure can be presented 

as a packing of distorted fragments of AlB2 and CsCl simple structures, which form 

the network of octahedra and trigonal bipyramids (consisting of two tetrahedra 

sharing a face), all forming interstitials favorable for hydrogen allocation.  It is a 

layered structure with two types of basal-plane sheets, which alternate along the c-

axis.  

 

 

Figure 3.7. Projection of the Mo2FeB2 

structure type along the c-axis. 

Figure 3.8. Projection of the Mo2FeB2 

structure type onto the xy plane. Atoms 

connected by thin lines lie on the planes 

at z = 0 and by thick lines at z = ½. The 

dotted lines mark the basis of the 

tetragonal structure. 

 

3.2.1. U2T2X 

 

Studied U2T2X compounds crystallize in the Mo2FeB2 type, which is an ordered 

variant of binary U3Si2 type. Magnetic properties of U-compounds strongly depend 

on the inter-U distances. Hydrogen inclusions can easily modify the lattice by 

expanding it without changing the crystal-structure type. The H concentration up to 2 

H atoms/f.u. can be reached in pressures up to 150 bar, producing a lattice expansion, 
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while the tetragonal structure is preserved. The H atoms presumably enter the 8k 

position inside the U3T tetrahedra occupied randomly up to 50 %. A full occupancy 

would bring H atoms together much closer than the critical distance 2.1 Å. The 

volume expansion leads to a band narrowing, which can be used to tune magnetic 

properties. E.g. in the case of U2Co2In which exhibits no magnetic ordering and the 

susceptibility curve is almost temperature independent [24], the hydrogenation leads 

to the enhancement of magnetic interactions in the hydride. U2Co2InH1.9 was found 

to be an antiferromagnet with TN = 2.4 K [25]. The possibility to tune magnetic 

properties is also manifested during hydrogenation of U2Co2Sn which is a 

paramagnet. Magnetic susceptibility curve for α-U2Co2SnHx (small amount of 

hydrogen) shows that it orders ferromagnetically around 33 K with a very small 

detected moment. Further increment of absorbed hydrogen leads to antiferromagnetic 

order in U2Co2SnH1.4 (fig. 3.9) [26]. 

 

Figure 3.9. Magnetic susceptibility of U2Co2Sn compared with its hydrides. 

 

3.2.2. RE2T2X 

 

The RE atoms are exclusively in one type of the sheet, and they form there a 

triangular motif which, depending on the type of exchange interactions, can bring a 

geometrical frustration into the system, as it is equivalent to the 2-dimensional 

Shastry-Sutherland lattice arrangement [27] (fig. 3.10). The layout is very similar as 

e.g. in rare earth tetraborides [28], and the Shastry-Sutherland concept was already 

applied to describe properties of some of the RE2T2X compounds [29, 30].  



27 
 

It can be described by a Hamiltonian where: 

j
nnn

ij
nn

i SSJSSJH  
.....

0 '       (3.2.2.1) 

Magnetic frustration exists when the near-neighbor (NN) interactions J and next-

nearest neighbor (NNN) J‘ are antiferromagnetic. Since the effective interactions are 

J > J‘, NN atoms form a network of J mediated orthogonal dimers, being the 

interaction between dimers mediated by J‘. As a result, the magnetic structure can be 

described as a quasi-two-dimensional lattice of orthogonal dimers.  Depending on the 

ratio of the intradimer and interdimer exchange constants J, J’, different ground 

states occur.  

 

There are two limiting behaviors, depending on J′/J. Non-ordering dimers are found 

for small J′/J, distinguished by an energy gap Δ between the singlet and triplet states 

of the dimer (disordered ‚spin liquid‘ (SL) regime). On the other hand, AF order with 

gapless magnetic excitations is favored for large J′/J. At T = 0 transition between the 

SL and AF phases has been predicted for J′/J ≈ 0.6 - 0.7 [31], although symmetry-

based arguments [32] suggest that an intermediate state is required, such as a helical 

magnet [33] or a weak SDW [32]. 

Strong magnetic frustration leads to interesting phenomena such as magnetization 

plateaus found in compounds with Shastry-Sutherland lattices. The plateaus are 

interpreted as the solidification of hopping triplets due to the effective repulsive 

interaction and limited hopping caused by strong frustration.  

 

Figure 3.10. Schematic representation of 2-dimensional Shastry-Sutherland lattice. 
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Magnetic properties of some RE2T2X compounds were already studied but the 

majority of them were studied only from crystallographic point of view. Only several 

RE2T2X compounds were already hydrogenated. There was shown that some 

RE2T2X compounds can absorb much more hydrogen than their U-counterparts, e.g. 

Ce2Ni2Mg can absorb 7.7 H/f.u. when exposed to 10 bar H2 at room temperature [34] 

resulting in monoclinic distortion of the crystal structure. 

 

RE2Pd2In 

 

Magnetic properties of RE2Pd2In compounds were already studied [35]. Magnetic 

measurements revealed that these compounds show interesting magnetic properties 

probably resulting from magnetic frustration of RE atoms arranged in the triangular 

motif. Among them antiferromagnets and one ferromagnet were found. Previous 

results are summarized in the table 3.3.  

 

Compound TN (K) TC (K) Remark 
Ce2Pd2In - 4 Strong CEF effect, M(H, 1.5 K): 1.5 μB/Ce 

in 10 T 
Pr2Pd2In 5 - M(H, 1.6 K): magnetic transition in 1 T, > 

2 T ferromagnetic,  1.7 μB/Pr in 10 T 
Nd2Pd2In 7.5 - CEF effect, M(H, 1.6 K): magnetic transition 

near 1.4 T, > 2.5 T ferromagnetic,  1.5 
μB/Nd in 10 T 

Gd2Pd2In 21 - M(H, 4.2 K): magnetic transition near 2.5 T 
(?), no magnetic saturation up to 10 T 
(4.3 μB/Nd) 

Tb2Pd2In 31 - M(H, 4.2 K): magnetic transition near 3.5 T, 
saturated near 8 T, 5.3 μB/Tb in 10 T 

Dy2Pd2In 12 - Weak CEF effect, M(H, 2.5 K): magnetic 
transition near 1.2 T, > 2.5 T ferromagnetic,  
5.3  μB/Dy in 10 T 

Ho2Pd2In 8 - M(H, 1.9 K): magnetic transition near 1.3 T, 
> 3.2 T ferromagnetic,  6.2 μB/Ho in 8 T 

Er2Pd2In 5 - M(H, 1.5 K): magnetic transition near 1.1 T, 
> 3.5 T ferromagnetic,  5.9 μB/Er in 10 T 

Tm2Pd2In 4 -  
Table 3.3. Summary of the previous magnetic measurements on Re2Pd2In [35]. 

 



29 
 

4.  Experimental 
 

4.1. Sample preparation  

4.1.1  Polycrystalline samples 

 

Polycrystalline samples were synthesized in the mono-arc furnace. The mono-arc 

apparatus consists of the sample chamber, torch, vacuum system, water-cooling 

system and power supply for the arc. First, the constituent elements are set in the 

water-cooled copper crucible inside the apparatus. Then the sample chamber must be 

evacuated for at least 1 hour and after that the chamber is filled with the protective 

argon atmosphere. The samples were re-melted three times to improve homogeneity. 

Samples of the U2(Ni1-xFex)2Sn series were subsequently annealed for 9 days at T 

= 850 °C in sealed quartz tubes. Any specific details of the procedures of preparation 

of individual compounds will be given in respective section. 

 

4.1.2. Monocrystals – Czochralski technique 

 

The single crystals were grown from the melt in the tri-arc furnace. The apparatus 

utilizes the Czochralski pulling technique modified for arc-melting and consists of 

the sample chamber, vacuum system, water-cooling system, power supplies for the 

three arcs, and the pulling head with continuously controllable rotation and 

translation (fig. 4.1). After the sample is set inside the apparatus, the sample chamber 

is evacuated for approximately half a day, and subsequently filled with the protective 

argon atmosphere. The melt is then heated with three symmetrically-positioned arcs 

while the copper crucible is rotating and water-cooled. We used the tungsten rod as a 

seed which was dipped into the melt in the rotating crucible, and then slowly pulled 

upwards with the typical pulling speed 6 – 10 mm/hour (fig. 4.2). The random 

necking procedure was performed to form the ingot. The pulling ingot is tapered into 

the thin neck where only one crystalline grain is propagated. Then the ingot is slowly 

broadened. When the sufficient piece of material has been grown, tapering of the 

sample separate the crystal from melt. Although the growth can be carried out under 
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moderate pressures, it is not suitable for materials whose vapor pressure is high at the 

melting point. 

 

Figure 4.1. View inside the tri-arc chamber (copper crucible with 3 electrodes).  

 

The seed dipped into the melt Forming of the crystal 

Main part of the growing process Tapering of the sample 

Figure 4.2. Main stages of the Czochralski process. 

 

4.1.3. Solution growth technique 

 

Solution growth technique is a method widely used to grow single crystals of 

incongruently melting materials or materials with high vapor pressure at the melting 
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point. The term „flux“ stands for a high temperature solvent which permits growth to 

proceed at temperatures well below the melting point of the solute phase. 

The starting materials are placed in a crucible inert to the melt (e.g. high density 

sintered Al2O3 (alumina), Ta, Pt).  The materials having the lowest melting point 

should be on the top. When they melt they flow down to high temperature melting 

materials incorporating them to the melt. The crucible is sealed in the evacuated 

quartz (or tantalum) tube. The tube can be also filled by inert atmosphere as argon. 

Another crucible filled with quartz wool is used to catch the remaining flux while 

decanting (fig. 4.3). The quartz wool is used as a filter to separate the solid crystals. 

 

Figure 4.3. Evacuated ampoule with crucibles. 

 

The ampoule is placed to bigger crucible to be kept in vertical position and put to the 

furnace. First the ampoule is heated fast to desired temperature, then it is kept at 

constant temperature to let the melt homogenize. After that the melt is slowly cooled 

down (usually 1-10 °C/hour or even slower). This is when the crystals grow. After 

the crystal is grown, but still at temperature above the melting point of flux, the 

ampoule is taken out fast and placed to the centrifuge. The second crucible catches 

the remaining flux during centrifugation. 

Rather difficult part of the growth is the right choice of the flux. We can use a self-

flux method for growing compounds where one of the components is suitable to act 

as flux, however, in many cases another element has to be used for successful 

growth. Elements as Al, Bi, Ga, In, Pb, Sn and Sb are commonly used as fluxes. 

 

4.2. Hydrides synthesis 
 

Hydrogenation brings additional variable to the system by volume expansion and 

with another electron contributed.  The resulting effects are frequently helpful for 

better understanding of the nature of interactions in initial compounds and may lead 
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to the formation of new compounds with qualitatively new properties. As a standard, 

following procedure was applied. Bulk material obtained from arc melting was 

crushed into submillimeter particles and loaded in a reactor for hydrogenation.  Fig. 

4.4 shows a scheme of the hydrogenation equipment. Before hydrogenation the 

surface of the sample was activated by heating up to T = 523 K for 2 hours in 

dynamic vacuum (p ≈ 10-6 mbar) in order to desorb surface contaminants. 

Hydrogenation was performed by exposing an activated material to H2 and 

subsequent thermal treatment. As the absorption should be higher at higher 

temperatures because of higher thermal motion, the material is usually heated up 

when placed in hydrogen atmosphere.  But too high temperature can also decompose 

the starting material. The thermal cycling is then chosen to promote the absorption. 

Usually the sample is heated up and slowly cooled down to room temperature. The 

thermal treatment was not necessary in the case of Nd2Ni2In hydrides which easily 

absorbed hydrogen at room temperature. Hydrogen absorption was registered by a 

pressure drop. However at relatively high pressures it was impossible to determine 

the stoichiometry of the hydride with an acceptable accuracy (due to the thermal drift 

of the high-pressure gauge, etc.).  To quantify the amount of absorbed hydrogen, 

samples of hydrides were desorbed in vacuum in closed volume by heating up to T = 

923 K. By the amount of hydrogen released the stoichiometry of the hydrides was 

determined. The error bar of the hydrogen content determined by volumetric method 

depends on the amount of the sample decomposed and typically does not exceed 

± 0.1 H/f.u. 

 
 

Figure 4.4. The scheme of hydrogenation 
equipment: 1 – reactor; 2, 11 – furnaces; 3, 10 
– vacuum gauges; 4 – LaNi5 container with H2 
or D2; 5, 8, 9 – valves; 6 – vacuum pumps 
(turbomolecular + membrane roughing pump); 
7 – temperature control unit. 

Figure 4.5. Hydrogenation 

equipment at MFF UK. 
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4.3. Desorption studies 
  

4.3.1. Desorption experiment 

 

The stoichiometry of synthesized hydrides was determined by the desorption in 

closed volume (fig. 4.6). Samples of approximately 100 mg were loaded in reactor of 

the closed volume. Performed desorption usually has three stages. At first the sample 

was linearly heated up with the heating rate 2 K/ min, then the temperature was left 

constant. After several minutes the heater was turned off. It is the stage three when 

the temperature is decreasing. During the first stage the pressure is increasing 

because the hydrogen is released from the compound. From the amount of hydrogen 

released, the stoichiometry of the hydride can be determined using an equation of 

state (see below). The cooling of the whole system, necessary to achieve uniform 

temperature used as input for the equations, can lead in some cases to a small re-

absorption of H gas. Therefore we undertake is selected cases a second desorption 

cycle, after pumping out all released hydrogen.  

 

Figure 4.6. Example of the desorption curve of hydride performed in closed volume.  

 

4.3.2. Hydrogen content determination 

 

In general, three types of equations can describe the state of the real gas: 

 

a. State equation of ideal gas (Mendeleev-Clapeyron) 
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RT
M

m
pV    ,        (4.3.1.1) 

 

where p is pressure in the closed volume V, filled with gas of the weight m and molar 

mass M, T is absolute temperature and R is the universal gas constant R = 8.31 

J/mol·K. 

 

The dependence of pressure in a certain volume on the gas quantity is a straight line, 

the slope of which changes with the temperature (fig. 4.7). 

 

Figure 4.7. Dependence of the pressure in V = 150 cm3 at different temperatures 

calculated from the Mendeleev-Clapeyron equation of the state for the ideal gas. 

 

b. Van der Waals equation 
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where p, V, m, M, T and R are the same quantities as in Mendeleev-Clapeyron 

equation of the state for the ideal gas and a and b are gas specific correction 

coefficients. 

Parameters a and b are closely related to the critical parameters of the corresponding 

gas: 
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In the vicinity of Tcr one should take into account the constant variation of R from 

gas to gas. Far from Tcr the value of R is the same for all gasses. Since for hydrogen 

Tcr is about 30 K where R = 6.76 J/mol·K, there is no need to take this dependence 

into account. The critical parameters for some gasses are the following:  

 

gas Tcr (K) pcr (105 Pa) Vcr (10-3 m3/kg) 
H2 33.2 13.29 32.26 
N2 126.0 33.93 3.22 
O2 164.3 50.34 2.32 
Cl2 417.1 77.08 1.75 
H2O (vapour) 647.25 220.53 2.50 
Table 4.1. Critical parameters of some gasses. 

 

For H2 (fig. 4.8):  

a = 1.6410-2 or 2.47610-2 (more exactly) Pam6/mol2  

and  

b = 2.210-5 or 2.66110-5 (more exactly) m3/mol.  

 

Figure 4.8. Dependence of pressure in V = 150 cm3 calculated from the Van der 

Waals equation of the state for the real gas. We have 2 sets of coefficients a and b, 

the second of which seems to be more precise. The difference between p (N) 

calculated for both (a, b) sets is shown on the lower panel. 

 

In the case of Van der Waals equation of state (Fig. 4.8.) the same dependence of 

pressure in V = 150 cm3 on the gas unity, as plotted in Fig. 4.7, looks different: it has 
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a slight curvature at high pressures, and gives higher absolute values of pressure at 

the same N than the Mendeleev-Clapeyron equation of the state for the ideal gas. 

 

c. Advanced calculations (derived from Lennard-Jones potential) 

 

The virial expansion derived from the Lennard-Jones potential with the precision up 

to the second term has the following form: 

 

2
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pV
 ,       (4.3.1.4) 

Where p, R and T have the same meaning as above, Vm is molar volume. B and C are 

virial coefficients.  
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The virial coefficients B, C are tabulated.  

The tabulated values B*, C* vs. T* (fig. 4.9) are related in the following way to B, C 

vs. T from equation:  

2*
obCC  , /* kTT  , )()( **

0 TBbTB  , 3
0 3

2  ANb   

 

Figure 4.9. Tabulated Lennard-Jones coefficients B* and C* vs. T*. 
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d. Analysis 

 

It appears that for hydrogen all three techniques described above provide almost 

similar precision in the pressure range of p < 30 bar at T ≈ 300 K (fig. 4.10). When 

pressure exceeds 30 bar, substantial discrepancy, reaching 9 % at p  120 bar, can be 

observed between the values calculated using different methods. Since Van der 

Waals and Leonard-Jones equations are taking into account the physical properties of 

the real gas like compressibility or final molecule size we are inclined to assume that 

the values obtained from them are more exact. Thus we will use this method for our 

experiments. 

 

Figure 4.10.  The difference of absolute values p (N) calculated using different 

models. 

 

4.4. Sample characterization 
 

4.4.1. X‐ray powder diffraction 

 

X-ray analysis was used for sample characterization and phase analysis: the 

diffraction patterns of intermetallic compounds were taken before and after 

hydrogenation.  The data were collected on XRD-3003 (Seifert) diffractometer or 
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Bruker diffractometer. The diffraction can be considered as the reflection of X-ray 

beam from the atomic planes of the crystal and can be described by the Bragg’s law: 

2d sinθ = nλ         (4.4.1.1) 

where  n – an integer, called the order of reflection 

 d – the interplanar distance 

 θ – an angle of reflection 

 λ – wavelength of radiation. 

The main disadvantage of the X-ray diffraction is that light atoms, including 

hydrogen having just one electron, cannot be detected. Since X-rays interact with the 

electronic cloud of an atom, atoms with atomic number Z < 13 are almost “invisible” 

for X-rays and consequently the neutron diffraction experiment has to be performed 

to get the information where the hydrogen is placed. 

The crystal structure refinement, based on the analysis of obtained X-ray powder 

patterns, has been performed by FullProf software [36], which is based on the 

Rietveld algorithm [37]. 

 

In the Rietveld refinement a mathematical model is assumed to represent the 

experimental pattern. In particular, when a structural model is available, then the 

intensity yio observed at the ith step may be compared with the corresponding 

intensity yic calculated via the model.  According to Rietveld, the model may be 

refined by minimizing by a least-squares process the residual 

  2

icioi yywS         (4.4.1.2) 

where wi, given by 

  2221
ibipiiw   ,       (4.4.1.3) 

is a suitable weight.  σip is the standard deviation associated with the peak (usually 

based on the counting statistics) and σib is that associated with the background 

intensity yib. 

yic is the sum of the contributions from the neighboring Bragg reflections and from 

the background: 

ibik
k

kkkic yGFLmsy   )(
2  ,      (4.4.1.4) 

where s is a scale factor, Lk is the Lorentz-polarization factor for the reflection k, Fk 

is the structure factor, mk is the multiplicity factor, Δθ ik = 2 θ i – 2 θ k , where 2 θ k is 
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the calculated position of the Bragg peak corrected for the zero-point shift of the 

detector, and G(Δθ ik ) is the reflection profile function. 

The parameters to adjust by refinement include unit cell, atomic positional and 

thermal parameters, and parameters defining the functions G and yib. 

 

The high-pressure XRD experiment on UNiAlD2.1  was performed at room 

temperature up to 22 GPa using a modified Bruker D8 diffractrometer with focusing 

mirror optics, installed on a Mo rotating anode source ( = 0.70926 Å). The 

microsample of UNiAlD2.1 was placed in a diamond anvil cell (DAC) into the gasket 

(in our case mainly Be). High-pressure XRD data were collected on a Bruker Smart 

APEX II detector. Silicone oil was used as the pressure-transmitting medium. The 

pressure was determined by means of the ruby fluorescence method. The shift of the 

λ1,2 doublet shows a nearly linear relation with pressure: 

365.0

)(
)(

nm
GPap


         (4.4.1.5.) 

where p represents the pressure in GPa, and Δλ the wavelength shift. The 

characteristic emission of the ruby λ1,2 doublet line is stimulated by a focused blue 

laser and the resulting wavelength shift as function of pressure is recorded by a 

CCD-chip and analysed. The diffraction images were processed using ESRF FIT2D 

software. The crystal structure refinements were done using the FullProf software 

suite. The experiment was performed with gradually increasing pressure. After 

reaching the maximum pressure, a few data points were taken also during unloading. 

The agreement of lattice parameters of initial and final ambient-pressure state 

excludes that the D concentration would change during the high-pressure experiment.  

 

4.4.2. Laue method 

 

The standard Laue method in the reflection configuration (fig. 4.11) has been used 

both to determine the single-crystallinity of the grown ingot, and to orient the sample 

for further experiments. Laue patterns (example on fig. 4.12) were taken on 

Mikrometa apparatus with Cu radiation. Goniometric head was used to fix a proper 

orientation of an ingot. After reaching the required orientation of the sample, the 

single crystal was carefully cut for further experiments. 
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Figure 4.11. Laue method in reflection 

configuration. 

Figure 4.12. Laue pattern of 

U2Ni2Sn single crystal. View along 

the c-axis. 

 

4.4.3. Neutron diffraction 

 

Neutrons as well as X-rays are used for the scattering experiments on materials.  

However, neutrons play a unique role due to their inherent properties.  Being 

elementary particles with mass mn = 1.675·10-27 kg, zero charge and carrying a spin 

of ½ which is accompanied by a magnetic dipole moment, the main advantages are 

the following: 

 their dynamic dipole moment allows the investigation of the magnetic 

properties of materials; 

 their large mass leads to a simultaneous sensitivity to the spatial and temporal 

scales that are characteristics of atomic distances and motions; 

 neutrons interact differently with different isotopes of the same atomic 

species; 

 neutrons can easily penetrate a thick material; 

 the interaction of the neutron with a nucleus has a simple form (Born 

approximation) which facilitates the direct unambiguous theoretical 

interpretation of experimental data. 

 

The scattering amplitude of an individual nucleus for neutrons at the scattering wave 

vector Q is: 

aNj(Q) = bj + cjσIj        (4.4.3.1) 
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where 1/2σ is the neutron spin operator and Ij is the spin of nucleus.  In the majority 

of cases the nuclear spins are randomly oriented (they may order at about 10-3 K), 

therefore, the second term does not contribute to the interference effect or coherent 

scattering.  Then the scattering amplitude is equal to: 

aNj(Q) = bj.         (4.4.3.2) 

It does not depend on the scattering vector and it is a constant value for each element.  

In the contrast to X-rays, the scattering amplitude bj for neutrons does not follow any 

general tendency and can be even negative in the case of incoherent scattering.  

Actually hydrogen presents a certain limitation for neutrons, too, being the prime 

incoherent scatterer.  However this problem can be avoided by the replacement of the 

hydrogen atoms by the atoms of deuterium.  Due to similar bonding characters of 

both isotopes we assume that there would be no significant difference in their atomic 

positions (small differences can be still expected due to different vibrational 

energies, diffussion rate, etc.). 

The interaction of neutrons with a material is given by the scattering cross-section, 

which is equal to the number of neutrons scattered in a unit body angle.  For a fully 

ordered crystal with atoms occupying positions rj the scattering cross-section is 

proportional to the square of the modulus of the scattering amplitude: 
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where τ are the positions of nodes in reciprocal space, and FN is the nuclear structure 

factor: 
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jj eebQF )(        (4.4.3.4) 

with W – the Debye-Waller factor. 

The dipolar interaction between the neutron magnetic moments and the magnetic 

moments of atoms/ions mj leads to the magnetic neutron scattering in addition to the 

nuclear contribution.  The magnetic scattering amplitude is: 

aMj(Q) = pσ· f(Q)Mj        (4.4.3.5) 

where ½ σ is the spin operator of neutron, Mj(Q) is the projection of vector Mj(Q) – 

the Fourier transform of the magnetization density Mj(r) around nucleus – onto the 

plane perpendicular to the scattering vector Q, and: 
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The magnetic stattering amplitude can be presented through the magnetic form factor 

fj(Q) and projection of the magnetic moment mj onto the scattering plane by: 

aMj(Q) = pσ· f(Q)mj        (4.4.3.7) 

The magnetic scattering cross-section, similarly to the nuclear one, is proportional to 

the square of the corresponding scattering amplitude summed over all crystal: 
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with k – the propagation vector coming from the Fourier expansion of the magnetic 

moment distribution on position j of cell l: 

 
k

iklk
jlj emm         (4.4.3.9) 

and the magnetic structure factor given by: 
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It is worth to emphasize that the magnetic structure factor is a complex vector, while 

the nuclear structure factor is a complex scalar. 

For unpolarised neutrons, the Bragg intensity of nuclear and magnetic neutron 

diffraction is simply an incoherent superposition: 

I(Q) = IN(Q) + IM(Q) ~ |FN(Q)|2 + |FM(Q)|2.     (4.4.3.11) 

The analysis of magnetic structure starts with the determination of its periodicity 

with respect to the crystal structure.  The identification of magnetic reflections is 

usually accomplished by the comparison of powder neutron patterns below and 

above the magnetic ordering temperature.  The nuclear structure factors FN(Q) can be 

calculated from the known crystal structure and, applying proper scale factor of the 

data set, the absolute values of the magnetic structure factors |FM(Q)| can be 

determined.  The individual orientations of the magnetic moments mj with respect to 

the basis vectors of the crystal lattice and their magnitudes are then to be calculated. 

 

4.4.4. Scanning electron microscope 

 

Scanning electron microscope (SEM) images the sample surface by scanning it with 

a high-energy beam of electrons in a raster scan pattern. The types of signals 

produced by SEM include secondary electrons (SE), back-scattered electrons (BSE) 
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and characteristic X-ray radiation. The signals of SE result from interactions of the 

electron beam with atoms at or near the surface of the sample, so they provide 

information about surface topography. BSE are beam electrons that are reflected 

from the sample by elastic scattering. Because the intensity of the BSE signal is 

strongly related to the atomic number Z of the specimen, BSE images can provide 

information about the distribution of different elements in the sample. The 

measurement was performed on Tescan Mira I LMH SEM. The microscope is 

equipped with SE detector, BSE detector and with energy dispersive X-ray analyzer 

(EDX) Bruker AXS. The bombarding electrons collide with the specimen atoms' 

own electrons, knocking some of them off. The empty position is eventually 

occupied by a higher-energy electron from an outer shell. This process is connected 

with emitting an X-ray. The atom of every element releases X-rays with unique 

amounts of energy during the transferring process. The EDX spectrum is then a plot 

of how frequently an X-ray is received for each energy level (fig. 4.13). The higher a 

peak is in a spectrum, the more concentrated the element is in the specimen. 

 

Figure 4.13. Example of typical EDX spectrum 

 

4.5. Magnetic studies 
 

Measurements of AC and DC magnetization were performed by means of a Quantum 

Design PPMS extraction magnetometer at the Joint Laboratory for Magnetic Studies. 

Quantum Design PPMS extraction magnetometer was used for the measurements of 

AC and DC susceptibility and magnetization curves. At the DC extraction method, 

the sample is moved through the detection coils and induces a voltage in the 
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detection coil set according the Faraday’s law. During AC measurement, an 

alternating field is applied to the measurement region and the sample is positioned in 

the center of the detection coil. The detection coils indicate how the applied field is 

changed by the presence of the sample. This method does not directly measure a 

sample magnetic moment, but it is very useful for examining the nature of magnetic 

phase transitions. AC susceptibility typically diverges at the critical temperature of a 

ferromagnetic phase transition.  

For these measurements the polycrystalline samples were crushed into powder and 

fixed by acetone-soluble glue to prevent the orientation in external fields. We have 

performed our measurements in the temperature range from 2 to 300 K, in external 

magnetic fields up to 14 T. Magnetization of selected samples was also measured in 

pulsed magnetic field up to 60 T in FZ Dresden-Rossendorf facility. 

 

4.6. Ultrasound experiments 
 

For the ultrasound measurements, two piezoelectric film transducers are glued onto 

parallel polished facets of the single-crystalline sample (typical diameter of the facets 

is 2 – 3 mm with thickness of the sample between 1.5 and 3 mm). The measurement 

is performed using a pulse-echo technique [38]. A high-frequency electro-magnetic 

pulse is produced with the help of a stabilized frequency generator and a pulse 

generator which drives the electronic switch. The high-frequency pulse is amplified 

and sent to an ultrasonic transducer bonded on one of the parallel facets of the 

sample. Reflections of the ultrasonic pulse from the opposite sides of the sample 

produce a typical echo patters which can be detected by a second transducer. This 

signal is amplified and split into two channels. One channel is electronically 

multiplied with a reference signal from the high-frequency generator and the second 

one is multiplied with the 90° phase shifted signal. After low-pass filtering and 

additional amplification one obtains the in-phase-signal In (0° channel) and the 

quadrature-signal Qn (90° channel).   

The relative change in the sound velocity ∆v/v0 in the sample is proportional to the 

change in frequency ∆ω/ω0, the change in phase of the signal ∆φ/φ0 as well as the 

change in a sample length ∆l/l0: 
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Usually, the last contribution is very small and negligible in ultrasonic experiments. 
 
 

4.7. Heat capacity measurements 
 

The heat capacity measurements were performed using the PPMS measuring system 

in the temperature range 1.8-300 K.  After the installation of the sample, high 

vacuum was reached within the chamber and sample was cooled down to the 

required temperature T. For measuring the specific heat of a material, a heat pulse 

Q(t) is supplied to the sample within the time interval (t1-t2), producing a change in 

temperature ΔT. The temperature of the sample then returns to its initial value with a 

relaxation time τ = C/κ, where C is the specific heat of the sample and κ is the 

thermal conductance linking the sample to its surroundings (fig. 4.14).   
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Figure 4.14. Plot of temperature response in relaxation measurement 

 

We can write heat-flow equation for one-dimensional case (the power loss through 

radiation is neglected):  

))(()()( bathwirestotal TtTtQ
dt

dT
TC        (4.7.1) 

For the cooling curve we obtain: 

)exp()()( 
tTTTtT bathholderbath

       (4.7.2) 

Tbath is original temperature before heating process or the temperature of the thermal 

bath.  If poor thermal attachment of the sample to the platform produces a 

temperature difference between the two, the two-tau model is applied to measure the 
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specific heat of the sample.  This model simulates the effect of heat flowing between 

the sample holder and sample, and the effect of heat flowing between the sample 

holder and puck (bath).  The following equations evaluate two-tau model: 

))()((

))()(())(()(

tTtT
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 (4.7.3) 

g is the thermal conductance between the sample and sample holder due to the 

grease. Cholder is the heat capacity of the sample holder and holdersampletotal CCC  . 

Solution of the set of Eqns. for cooling curve is: 

)exp())(()exp())(()(
21 

tTtTtTtTTtT sampleholderbathholderbath


 

(4.7.4) 

The temperature of the sample changes exponentially with relaxation times 21, . For 

calculating specific heat, least-square fitting algorithm is applied. The sensitivity of 

the fit deviation to small variations in the fitting parameters is used to estimate the 

standard errors for the specific heat. 

 

4.8. Resistivity measurements 
 

The DC resistivity was measured on the PPMS measuring system using a four-wire 

technique. Using four wires to attach the sample to a sample puck eliminates the 

contribution of the leads and joints to the resistance measurement. In four-wire 

resistance measurement current is passed through the sample via two current leads 

and two separate voltage leads measure the potential difference across the sample. So 

we can calculate the resistance with Ohm’s law. 
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5. Sample preparation 
 

5.1. Polycrystalline samples 
 

Here we describe in detail individual technological experiments, even those which 

did not lead to any usable products. We assume that such information will be 

important for possible successors. 

The samples of RE2Pd2In, RE2Ni2In, U3Si2, UNi0.8Fe0.2Al, U2(Ni1-xFex)2Sn were 

prepared using standard melting procedure in mono-arc furnace. Stoichiometric 

amounts of constituents were placed into the mono-arc furnace and melted under 

argon atmosphere using arc. The samples were re-melted three times to improve 

homogeneity. Samples of the U2(Ni1-xFex)2Sn series were subsequently annealed for 

9 days at T = 850 °C in sealed quartz tubes. Pu19Os samples prepared also using arc-

melting method have undergone subsequent thermal treatment in the oven (described 

in the section 6.4). Any other specific details of the procedures of preparation of 

individual compounds will be given in respective section. 

 

U2Ni2Zn / UNiZn 

 

Several attempts to prepare U2Ni2Zn were made. Because of high evaporation of zinc 

(fig. 5.1) the sample could not be prepared using standard melting procedure in an 

arc furnace. 

 

Figure 5.1. Vapor pressure of starting elements for UNiZn synthesis. 
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First the stoichiometric amounts of starting elements were sealed under argon 

atmosphere into the quartz tube and placed into oven. The tube was heated fast to 

800 °C, where it was hold for 5 hours. After that the sample was cooled down at 

0.15 °C/min to room temperature. Due to high melting points of uranium (1132 °C) 

and nickel (1453 °C) the elements have not reacted enough to form the compound.  

 

So as to lower the melting point of starting materials, we have first melted U and Ni 

in mono-arc. Then they were again sealed with stoichiometric amount of Zn under 

argon atmosphere into the quartz tube and placed into oven. The tube was heated fast 

to 800 °C, where it was hold for 5 hours. After that the sample was cooled down at 

0.15 °C/min to room temperature. We could see that the sample has not completely 

reacted again. The resulted sample was subsequently crushed into pieces (the sample 

was too hard for preparation of powder) and placed back into the oven for 2 days at T 

= 800 °C. 

The standard XRD showed that the prepared sample is multi-phase. What was 

surprising, the main phase was not the desired 2-2-1 phase, but the phase 1-1-1, 

which had never been prepared before (fig. 5.2) what was also shown by the EDX 

analysis (fig. 5.3). 

  

Figure 5.2. XRD pattern of sample 2 compared with simulated pattern of UNiZn. 

Info on refined lattice parameters is in the section 5.2.3. 
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Figure 5.3. Phase composition of sample 2 obtained from SEM. 

 

Because the binary compound UNi does not exist (fig. 5.4) and still some pure 

uranium was found in the sample, we decided to prepare the stoichiometry 1:1 as a 

mixture of two existing U-Ni compounds: U6Ni and U7Ni9 (melting points below 

boiling point of Zn (907 °C)). Small pieces of U6Ni, U7Ni9 and Zn were again sealed 

under argon atmosphere into the quartz tube and placed into oven and heated fast to 

850 °C, where it was hold for 75 hours. After that the sample was cooled down at 

10 °C/min to room temperature. 

The standard XRD showed that the prepared sample is multi-phase with 1-1-1 as a 

main phase (fig. 5.5). The spurious peaks probably belong to U6Ni and U7Ni9 due to 

the lack of Zn. 

 

Figure 5.4. U-Ni phase diagram 
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Figure 5.5. XRD pattern of the sample 3 compared with simulated pattern of UNiZn. 

 

Because of the spurious phases due to the lack of Zn, more Zn was added and the 

sample was placed back to the oven. The sample stayed in the oven for 5 hours at T 

= 850 °C. Then it was slowly cooled down to T = 550 °C (0.06 °C/min). At this 

temperature, the sample was taken out fast and placed into the centrifuge. The XRD 

showed that there is still some impurity in the sample (fig. 5.6). 

 

Figure 5.6. XRD pattern of sample 4 compared with simulated pattern of UNiZn. 

 

Preparation of the sample from Zn flux with the composition 1-1-5 was also 

unsuccessful. The starting elements were sealed under argon atmosphere into the 

quartz tube and placed into oven. The tube was heated fast to 850 °C, where it was 

hold for 5 hours. Then it was slowly cooled down to T = 550 °C (0.06 °C/min) (still 
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above the melting point of Zn TM = 419.6 °C). At this temperature the sample was 

taken out fast and placed into the centrifuge. Unfortunately the separation of excess 

Zn from the sample was unsuccessful. 

The XRD pattern does not show any similarity to neither U2Ni2Zn nor UNiZn (fig. 

5.7). 

  

Figure 5.7. XRD pattern of sample 5 compared with simulated patterns of UNiZn 

(left panel) and U2Ni2Zn (right panel). 

 

Because all the attempts to prepare U2Ni2Zn were unsuccessful and the obtained 1-1-

1 phase was never studied before, we have proceeded to preparation of the pure 1-1-1 

phase – UNiZn. The pure elements with the stoichiometry 1-1-1.02 were sealed 

under argon atmosphere into the quartz tube and placed into oven and heated fast to 

500 °C, where it was hold for 1 hour. After that the sample was heated fast to 

1100 °C, where it was hold for 26 min and subsequently cooled down at 1 °C/min to 

700 °C. At this temperature the sample was taken out fast. The standard XRD 

showed that the material contains UNiZn with a small amount of an unknown 

impurity. 

 

RE2Ni2Mg 

 

Several attempts to prepare RE2Ni2Mg (RE = Yb, Dy) were made. Because of high 

evaporation of Mg (fig. 5.8) the samples could not be prepared using standard 

melting procedure in mono-arc. Instead the starting materials were sealed into quartz 

tubes under argon atmosphere and heated up under various conditions. 
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Figure 5.8. Vapor pressure of starting elements for Dy2Ni2Mg synthesis. 

 

First the stoichiometric amounts of starting elements were sealed under argon 

atmosphere into the quartz tube and placed into oven. The tube was heated 1 °C/min 

to 650 °C, where it was hold for 24 hours. After that the sample was cooled down at 

1 °C/min to room temperature. The elements were not reacted enough.  

In the case of Dy, the elements were not reacted. YbNi2 and YbMg2 (fig. 5.9) and 

some pieces of pure Yb were found in Yb sample. 

 

Figure 5.9. XRD pattern for Yb2Ni2Mg sample compared with simulated patterns for 

YbNi2 and YbMg2. 

 

In second attempt higher temperature was used. Again the stoichiometric amounts of 

starting elements were sealed under argon atmosphere into the quartz tube and placed 

into oven. The tube was heated 5 °C/min to 1000 °C, where it was hold for 1 hour. 
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After that the sample was cooled down at 1 °C/min to 650 °C. At this temperature 

the sample was taken out. 

 

X-ray diffraction showed that Dy sample consists of DyNi2 and desired Dy2Ni2Mg. 

Yb sample consists of YbNi2 and also of some unidentified phases. 

The reaction of Mg with the quartz tube was also visible (fig. 5.10 and 5.11). 

 

  

Figure 5.10. Dy and Yb samples before 

inserting into the oven. 

Figure 5.11. Dy and Yb samples taken 

out from the oven. 

 

So as to avoid reaction with the quartz tube, the starting materials were wrapped in 

tantalum foil and sealed under argon atmosphere into the quartz tube and placed into 

oven. The tube was heated 5 °C/min to 1000 °C, where it was hold for 1 hour. After 

that the sample was cooled down at 1 °C/min to 650 °C. At this temperature the 

sample was taken out. This attempt was completely unsuccessful because of the 

reaction of the samples with tantalum foil which had probably some cracks. 

 

5.2. RE2Pd2In – single crystals 
 

The single crystals of RE2Pd2In (RE = Nd, Tb, Dy, Ho) were grown from the melt in 

the tri-arc furnace despite the incongruent melting of the compounds. Due to the high 

evaporation of indium the composition 2-2-1.02 of starting material was used instead 

of desired composition 2:2:1. The evaporation of In was clearly visible in the tri-arc 

furnace (fig. 5.12). Indium was also forming balls on the seed surface (fig. 5.13). 
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Figure 5.12. Tri-arc furnace before (left panel) and after (right) pulling out single 

crystals of RE2Pd2In. 

 

Figure 5.13. Indium balls formed on the 

surface of tungsten seed during the 

pulling of single crystals of RE2Pd2In. 

Figure 5.14. Example of RE2Pd2In 

ingot obtained using the Czochralski 

method. 

 
 

 

The tungsten rod was used as a seed which was dipped into the melt in the rotating 

crucible, and then slowly pulled upwards with the pulling speed 6 mm/hour and 

rotated 4 rot/min. The random necking procedure was performed to form the ingot. 

Typically 4 cm samples were pulled out from the melt (fig. 5.14).  

 

Due to the incongruent melting, obtained sample was not whole single-crystalline. It 

consisted of single-crystalline center surrounded by polycrystalline shell. The 

standard Laue method in the reflection configuration was used to check the single-

crystallinity and to orient the samples for further measurements. 
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6. Results and discussion 
 

6.1. UTX 
 

UTX compounds form a large group of U-compounds crystallizing in various crystal 

structures. Hydrogen absorption was already registered in several UTX compounds 

crystallizing both in hexagonal ZrNiAl and orthorhombic TiNiSi structure. There 

was found that hydrogenation of uranium ternary intermetallics leads typically to a 

notable lattice expansion and modification of magnetic properties. We have chosen 

to close some open topics in previously studied compounds as orientation of 

magnetic moments in UNiAlD2.1 and extend this study to other examples of this large 

group of compounds.  

 

6.1.1. UNiAl  

 

UNiAl was the first UTX compound, in which large hydrogen absorption was 

detected, which leads to a large expansion in the basal plane, and a small 

compression in the c-direction [39].  More detailed structure studies [40,41] indicated 

that the U-U spacing within the basal plane increases enormously (dU-U  3.48 Å in 

UNiAl and dU-U  4.15 Å in its deuteride) so that it becomes higher than the c-axis 

spacing (3.98 Å). This would lead to a swapping of the anisotropy type from c-axis 

to the basal plane. This assumption could not be corroborated by neutron diffraction, 

as the magnetic structure could not be resolved from a small amount of magnetic 

reflections [42]. Neither single-crystal of the hydride could be synthesized to 

determine the anisotropy of bulk susceptibility.  

Therefore the high-pressure crystal-structure study of UNiAlD2.1 was undertaken 

with the aim to find a possible change of the soft crystallographic direction from the 

a-axis (basal plane) to the c-axis direction. Results of the room temperature XRD 

study under applied pressure up to 22 GPa are displayed in Fig. 6.1 together with 

similar data for UCoAl from Ref. [43]. The high-pressure XRD experiment was not 

performed for pure UNiAl, but because of the uniformity of behavior of U 



56 
 

compounds with the same structure type [43] one can expect close similarity of 

UNiAl and UCoAl.  

The experiment was performed with gradually increasing pressure. After reaching 

the maximum pressure, a few data points were taken also during unloading. The 

agreement of lattice parameters of initial and final ambient-pressure state excludes 

that the D concentration would change during the high-pressure experiment.  

 

Figure 6.1. Pressure variations of the relative change of the lattice parameters a and c 

for UNiAlD2.1 compared with UCoAl [43]. 

 

The pressure variations of individual lattice parameters and volume were fitted to a 

quadratic polynomial dependence         2' 000 pgkpgkgpg iiiiii  , which yielded the 

linear compressibility ', ii kk  along each lattice direction i (table 6.1). The bulk 

modulus can be expressed as B0 = 1/kV, where kV is the volume compressibility, 

which can be obtained from the fit of V(p), or from the sum of individual 

compressibilities along given lattice directions (kV = 2ka + kc). 

The respective data reveal that the a-axis compressibility of UNiAlD2.1 is indeed 

somewhat lower than that in UCoAl (see Fig. 6.1.). Even much more striking is the 

difference for the c-axis compressibility. The factor of almost 10 underlines the trend 

observed. The almost incompressible c-axis direction becomes the soft one in the 

deuteride by bringing the U atoms closer together in this particular direction, and 

pulling them apart in other two directions. The bulk modulus for UNiAlD2.1 (B0  

127 GPa) is in the range of the typical values observed for UTX compounds with the 

ZrNiAl structure type [43]. 
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Compound  Linear compressibilities  Isothermal bulk 

modulus  
a-axis  b-axis  c-axis  

B0 (GPa)  B0 
(GPa)  

ka  
 (10-3  
GPa-1)   

ka  
(10-6 
GPa-1)  

kb  
 (10-3  
GPa-1)  

kb  
(10-6 
GPa-1)  

kc  
 (10-3  
GPa-1)  

kc  
(10-6 
GPa-1)  

UCoAl 2.8  -  -  0.4  105(167)  
URhAl 2.8  13  -  -  0.4  173  13  
UNiAlD2.1  2.1  39  -  -  3.7  77  127  
URuGa  1.55  1.11  238  
Table 6.1. Linear compressibilities ka, kb, kc, their derivatives and bulk moduli B0 and 

their derivatives of UNiAlD2.1 compared with other UTX compounds. 

 
The temperature dependence of the relative changes of lattice parameters for the 

deuteride of UNiAl is shown in fig. 6.2. The magnetostriction type at low 

temperatures corresponds to the parent compound [44], with expansion along c and 

compression along a below the phase transition seen around 100 K. The lattice 

thermal expansion at room temperature is extremely anisotropic, with the c-axis 

expansion about 50 times higher than that along a-axis. The type of anisotropy 

corresponds to the compressibility anisotropy, with the soft direction c. The reversal 

of the more expanding direction comparing to other U compounds with the ZrNiAl 

structure may be again directly related to the reversal of the U-U coordination. The 

lattice effect can be parameterized by the linear thermal expansion coefficient α, 

taken from the linear high-temperature part as d(∆L/L)/dT. Individual thermal 

expansion coefficients αi are related to compressibilities ki as follows: i = ki Г 

Cv/V, where Cv is the specific heat at constant volume, V  is the molar volume, and 

Г is the Grüneissen parameter, which can be very anisotropic itself [43].    
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Figure 6.2. The temperature dependence of the relative changes of lattice parameters 

and the volume for the deuteride of UNiAl. Big circles for UNiAlD2.1 mark the 

results of neutron diffraction experiment. 

Compound  
a (300K)  
(10-6 K-1)  

b (300K)  
(10-6 K-1)  

c (300K)  
(10-6 K-1)  

V (300K)  
(10-6 K-1)  

UCoAl  17  -  6  40  
UPtAl  14.2  4.5  32.9  
UNiGa  14.4  5.2  34.0  
UCoGa  15.5  5.3  36.3  
UNiAl  15.5  -  5.5  36.5  
URuGa  10.7  11.0  32.4  
UNiAlD2.1  0.9  -  46  48  
Table 6.2. Thermal expansion parameters of UNiAlD2.1 at T = 300 K compared with other 

UTX compounds. 

 

6.1.2. UNi0.8Fe0.2Al 

 

Weak itinerant antiferromagnetism of UNiAl is rapidly suppressed by Fe doping. 

Magnetic order reappears as weak ferromagnetism for 25% Fe (fig. 3.4) [20]. 

Previous studies [21,22] showed that compounds with less than 30% of Fe can 

absorb hydrogen. The crystal structure preserves its hexagonal symmetry upon 

hydrogenation or is only slightly distorted. In all studied cases the hydrogen 

absorption leads to the enhancement of magnetic interactions. 
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We have chosen to study the sample with 20% Fe as it is close to the verge of 

magnetism. The X-ray diffraction pattern of the hydrogenated sample shows that it 

consists of two phases, both hexagonal (the phase of the parent compound and the 

hydride phase, both having the same symmetry). It means that the hydride is unstable 

at ambient conditions and slowly decomposes. The hydrogenation leads to an 

anisotropic unit-cell expansion along the a-axis and compression along the c-

direction what is the tendency revealed in all previously studied U(Ni,Fe)Al-

hydrides. The table 6.3 summarizes the results of XRD refinement. From XRD we 

were not able to determine the amount of absorbed hydrogen. Also the instability of 

the hydride in time did not allow to perform controlled temperature-induced 

desorption in closed volume, what is usually used to determine the hydrogen 

concentration in the sample. But comparing the volume change upon hydrogenation 

with the volume change in UNiAl we can assume that the fully hydrogenated phase 

contains approx. 2 H atoms/f.u. 

 

 UNiAl UNiAlH2.3 UNi0.8Fe0.2Al UNi0.8Fe0.2AlH≈2 
a (Å) 6.733 7.181 6.736 7.215 
c (Å) 4.035 3.988 4.003 3.858 
V (Å3) 158.413 178.103 157.321 173.940 
∆V/V (%) - 12.4 - 10.6 
Table 6.3. Comparison of the crystal-structure parameters of UNiAl and 

UNi0.8Fe0.2Al and their hydrides: lattice parameters a and c, unit cell volume V and 

volume change ∆V/V with respect to the parent compounds. 

 

The parent compound UNi0.8Fe0.2Al does not order magnetically. Magnetic 

susceptibility increases monotonously with decreasing temperature and can be fitted 

by the modified Curie-Weiss (MCW) law down to ≈ 50 K with the parameters 

μeff = 1.9 μB/f.u., θP = -41.5 K and χ0 = 7.4·10-9 m3 mol-1. Below that temperature the 

susceptibility deviates from the MCW law towards higher values and becomes field 

dependent (fig. 6.4). The hydrogenation dramatically changes magnetic properties. In 

contrast to the parent compound the hydride orders antiferromagnetically with 

TC = 98 K. The temperature dependences of magnetization of the parent compound 

and of the hydrogenated sample are shown in fig. 6.3.  We were not able to stabilize 

the hydride, hence we cannot see the pure hydride phase. We can see the 
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ferromagnetic UNi0.8Fe0.2Al-H phase in the sample manifested as the anomaly at 

approx. 98 K corresponding to its TC. 

 

 

 

Figure 6.3. Temperature dependence of 

magnetization of UNi0.8Fe0.2Al and its 

hydride. 

 Figure 6.4. Low temperature part of the 

magnetic susceptibility measured in 

various fields for UNi0.8Fe0.2Al 

compared to the modified Curie-Weiss 

behavior (MCW). 

 

Comparing the impact of hydrogenation to the whole series of U(Ni,Fe)Al, we find 

that the hydrogenation leads to the enhancement of magnetic interactions in all cases. 

The transition temperature increases regardless of the type of magnetic order. The 

Néel temperature of UNiAl increases from 19 K to 95 K upon hydrogenation [45]. 

Also in the case of the ferromagnetically ordered example UNi0.7Fe0.3Al the 

transition temperature increases from TC = 15 K to TC = 90 K for UNi0.7Fe0.3AlH0.8 

[21]. The magnetic properties can be also tuned from nonmagnetic to 

antiferromagnetic or ferromagnetic depending on the Fe concentration as for 

UNi0.85Fe0.15Al and UNi0.8Fe0.2Al, respectively (table 6.4). 

 

 UNiAl UNi0.85Fe0.15Al UNi0.8Fe0.2Al UNi0.7Fe0.3Al 
parent compound AF, TN = 19 K no order no order F, TC = 15 K 
hydride AF, TN = 95 K AF, TN = 70 K F, TC = 98 K F, TC = 90 K 
∆V/V (%) 12.4 14.9 10.6 7.3 
absorbed H (H at./f.u.) 2 2.4 ~ 2 0.8 
Table 6.4. Magnetic properties and ordering temperatures of U(Ni,Fe)Al compounds 

and their hydrides. 

 

The non-magnetic ground state of the parent compound UNi0.8Fe0.2Al is corroborated 

by the results of the specific heat studies, which do not reveal any anomaly 
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originating in magnetic order. Instead a pronounced upturn in the specific heat 

appears at low temperatures, which can be followed down to 0.3 K (fig. 6.5). The 

upturn in specific heat is gradually suppressed in magnetic fields of several tesla. The 

non-Fermi liquid (NFL) behavior manifested by the upturn can be in our case better 

described by the paramagnon term δT 2 ln T than by - δT ½, predicted for weakly 

interacting spin fluctuations (fig. 6.6). The extrapolated γ value reaches 274 

mJ/mol·K2. Such a high γ value is relatively common at the verge of magnetism. The 

observed type of NFL behavior contrasts for example with U2Co2InH1.9, for which 

the other type of scaling, with - δT ½ term, was identified [52]. Because of the 

instability of the hydride in time we were not able to obtain the specific heat data for 

the hydride. 

 

Figure 6.5. Temperature dependence of 

the specific heat (in the C/T vs. T 2 

representation) of the parent compound 

UNi0.8Fe0.2Al. 

 Figure 6.6. Low temperature part of 

the specific heat in the C/T vs. T 

representation of UNi0.8Fe0.2Al 

measured in zero field. The green and 

red lines (in the color online version) 

represent two types of fits, as 

described in the text. 

 

6.1.3. UNiZn 

 

Pure elements with the stoichiometry 1:1:1.02 were sealed under argon atmosphere 

into the quartz tube and placed into oven and heated fast to 500 °C, where it was hold 

for 1 hour. After that the sample was heated fast to 1100 °C, where it was hold for 26 
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min and subsequently cooled down at 1 °C/min to 700 °C. At this temperature the 

sample was taken out fast. 

 

The standard XRD showed that the prepared sample contains UNiZn (ZrNiAl, P-

62m) with small amount of the unknown impurity (fig. 6.7). Obtained data were 

refined using the FullProf software suite. The crystal structure parameters are 

summarized in table 6.5. 

 

Figure 6.7. XRD pattern of UNiZn with small amount of impurity (peaks at 

2θ = 29.3° and 29.6°) 

 UNiZn 
a (Å) 6.6192 
c (Å) 4.0586 
V (Å3) 154 

xU 0.57857 
xZn 0.21875 

dU-U (Å) 3.430 
Table 6.5. Crystal structure parameters of UNiZn. Lattice parameters a and c, unit 

cell volume V, and shortest inter-U distance dU-U and atomic positions xU, xZn are 

given. 

 

The shortest inter-uranium distance (dU-U = 3.43 Å) was found to be in the basal 

plane. 
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UNiZn was found to have a paramagnetic ground state. It can be considered as a spin 

fluctuator with its magnetic properties between two limiting cases, Pauli paramagnet 

and magnetically ordered material. Magnetic susceptibility is low (10-8) but 

temperature dependent. We can speculate about C-W behavior from the temperature 

dependence on fig. 6.9 but it actually does not follow the C-W behavior. 

  

Figure 6.8. Field dependence of 

magnetization of UNiZn measured at 

T = 2 K. 

Figure 6.9. Temperature dependence of 

magnetic susceptibility measured in 

μ0H = 3 and 6 T. 

 

The specific heat measurements were performed on polycrystalline sample using the 

PPMS measuring system in the temperature range 2 - 300 K (fig. 6.10). We 

determined the value of the Sommerfeld coefficient γ using the relation 

C = T + βT 3, 

known as a low-temperature approximation for the Debye specific heat accounting 

for phonon specific heat term. We obtained the parameters  = 93.8 10-3 J/mol.K2 and 

β = 0.579 10-3 J/mol.K4. 

Figure 6.10. Specific heat in C/T vs. T representation (left panel) and low 

temperature fit of specific heat (right panel) of UNiZn. 
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UNiZn intermetallic compound was used as starting material for hydrogenation. 

Hydrogenation of UNiZn was performed at hydrogen pressure 100 bar by heating up 

to T = 773 K and subsequent cooling with the rate 0.5 K/min. The amount of 

absorbed hydrogen was estimated from the weight change as 1.6 H/f.u. The amount 

of absorbed hydrogen was also determined by controlled temperature-induced 

desorption experiment on UNiZnHx. The sample was placed in an evacuated 

calibrated volume and heated using a constant heating rate 2 K/min. The amount of 

hydrogen released was estimated as 1.81 H/f.u. The product of desorption process 

was checked by XRD, which proved that we arrived back to the initial compound 

(fig. 6.11). 

 

Figure 6.11. XRD pattern of UNiZn compared with desorbed hydride. 

 

X-ray powder diffraction experiment showed that so called HDDR (hydrogenation- 

disproportionation-desorption-recombination) process takes place in the case of 

UNiZn. Upon hydrogenation the sample was decomposed to β-UH3, Zn and another 

so far unknown phase (figs. 6.12 and 6.13). After the hydrogen is desorbed, the 

initial UNiZn compound is restored. 
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Figure 6.12. XRD pattern of UNiZn 

compared with “high-temperature” 

hydride 

Figure 6.13. XRD pattern of UNiZn 

compared with simulated pattern for β-

UH3. 

 

Magnetic susceptibility of UNiZn-H measured in external magnetic field of 3 T 

clearly shows the presence of UH3, which is a ferromagnet with TC in the range 

between 170 and 181 K (fig. 6.14.). Another magnetic transition is clearly visible at 

approx. 20 K on temperature dependence of magnetic susceptibility (fig. 6.14) and 

also on AC-susceptibility (not shown here). 

 

Figure 6.14. Magnetic susceptibility of “high-temperature” hydride showing the 

presence of UH3 (TC in the range between 170 and 181 K). 

 

Inspired by the results of high-temperature hydrogenation, we wanted to check 

whether there is the possibility to hydrogenate UNiZn without consequent 

decomposition to UH3. We have tried as one of the possibilities the hydrogenation at 

lower temperature. UNiZn intermetallic compound was used as starting material also 

for hydrogenation at lower temperatures. Hydrogenation of UNiZn was performed at 

hydrogen pressure 120 bar by heating up to T = 473 K and subsequent cooling with 
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the rate 0.5 K/min. The amount of absorbed hydrogen was estimated from the weight 

change as 2.35 H/f.u. 

 

 The XRD shows higher symmetry in the hydride (fig. 6.15) compared to the initial 

compound. The refinement of the X-ray powder diffraction data showed that the 

crystal structure is changed upon hydrogenation to AlB2 structure type (space group 

P6/mmm). It is a hexagonal structure with 2 positions of atoms. U is placed in (0,0,0) 

and Ni and Zn are randomly distributed in the position (1/3, 2/3, 1/2). Obtained 

lattice parameters are summarized in the table 6.6. The shortest inter-uranium 

distance in the parent compound (dU-U = 3.43 Å) was found to be in the basal plane. 

On the other hand, upon hydrogenation the shortest U-U distance is found along the 

c-axis (dU-U = 3.95 Å). The crystal lattice is expanded in such way that the shortest 

U-U distance is now higher than the Hill limit what allows magnetic ordering in the 

hydride. 

 UNiZn UNiZn-H (LT) 
a (Å) 6.6192 4.2342 
c (Å) 4.0586 3.9528 
V (Å3) 154 61.5  
Table 6.6. Structure parameters of UNiZn and “low temperature” hydride. Lattice 

parameters a and c, unit cell volume V are given. 

 

 

Figure 6.15. XRD pattern of UNiZn compared with “low-temperature” hydride. 

 

So as to find the amount of absorbed hydrogen, we performed controlled 

temperature-induced desorption experiment on UNiZnHx, which was placed in an 

evacuated calibrated volume and heated using a constant heating rate 2 K/min. 
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First the sample was heated up to 650 °C, where it was hold for approx. 3 hours. This 

procedure clearly leads to the decomposition of the sample as the pressure decrease 

at the constant temperature. Further heating up to 750 °C did not lead to desorption 

of reabsorbed hydrogen. The record of the desorption experiment is shown on fig. 

6.16. The hydrogen released during this experiment was estimated as 0.83 H/f.u., 

what is clearly much less than expected from the weight change (2.35 H/f.u.). The 

XRD shows that the sample was really decomposed during the process to U2Ni2Zn 

and some unidentified phase. 

 

Figure 6.16. The record of development of temperature and pressure during the first 

desorption experiment performed on UNiZn-H (LT). 

 

In the second attempt we did not let the pressure decrease happen (fig. 6.17). The 

sample was heated only up to 390 °C. After that the heater was switched off and the 

sample was fast cooled to room temperature. The pressure decrease is higher than 

expected for pure temperature change in the closed volume. We can again speculate 

about the reabsorption of some released hydrogen. Standard procedure of calculating 

the amount of absorbed hydrogen cannot be used due to the reabsorption. Based on 

previous experience with our setup, that having the reactor at  400 °C increases the 

pressure for the given geometry of the system by approx. 5 %, we can calculate the 

released amount of hydrogen as 2.35 H/f.u. Taking into account the reabsorption, 

using the hydrogen pressure at room temperature, only 1.77 H/f.u. is released, the 

rest is reabsorbed. XRD showed similar to the first attempt that the sample is again 

decomposed but we were not able to identify any of the phases. 
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Figure 6.17. The record of development of temperature and pressure during the 

second desorption experiment performed on UNiZn-H (LT). 

 

Magnetic properties of LT-hydride were measured using a Quantum Design PPMS 

magnetometer in temperature range 2 – 300 K and in magnetic fields up to 14 T (fig. 

6.18 and 6.19). Temperature dependence of magnetic susceptibility exhibits a 

maximum indicating antiferromagnetic ordering around 50 K (fig. 6.18). In the 

paramagnetic range the temperature dependence of magnetic susceptibility can be 

described by the Curie-Weiss law, yielding paramagnetic Curie temperature θp = -

60 K and the effective magnetic moment µeff = 2.72 µB/U. 

 

Figure 6.18. Temperature dependence of 

magnetic susceptibility of “low 

temperature” hydride UNiZn-H measured 

in various magnetic fields. 

Figure 6.19. Field dependence of 

magnetization of “low temperature” 

hydride UNiZn-H. 

 

 

We have shown that the direction with the closest U-U separation is the soft (in terms 

of compressibility) crystallographic direction, and this direction has also a higher 

coefficient of thermal expansion at high temperatures, where the lattice contribution 
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to thermal expansion dominates. The results imply that a room-temperature study of 

compressibility or thermal expansion can provide information on magnetic structure, 

which realizes at low temperatures. The test case UNiAlD2.1, which is an exception 

from the planar coordination of U atoms in the ZrNiAl structure type, has a special 

importance. It indicates that a reversal of the soft direction happens following the 

reversal of the U-U coordination within the same structure type, which is induced by 

an anisotropic expansion upon the H absorption. Comparing the impact of 

hydrogenation to the whole series of U(Ni,Fe)Al, we find that the hydrogenation 

(lattice expansion) leads to the enhancement of magnetic interactions in all cases. 

The transition temperature increases regardless of the type of magnetic order. In 

UNiZn the lattice modifications in low-temperature hydride are sufficient to induce 

magnetic order. 

 

6.2. U2T2X 
 

Variations of magnetic properties as a function of hydrogen concentration for the 

large family of U2T2X compounds were already studied. These compounds 

crystallize in tetragonal crystal structure of the Mo2FeB2 type (P4/mbm), which is an 

ordered variant of binary U3Si2 type. Doping of H on interstitial lattice positions 

represents an interesting probe to the system as it can be considered as analogous to a 

fictitious negative pressure, producing a volume expansion while preserving essential 

features of crystal structure.  

6.2.1. U3Si2 
 

U3Si2 intermetallic compound is a “mother compound” of the U2T2X series as their 

crystal structure is the ordered variant of U3Si2 type.  It was used as starting material 

for hydrogenation. Hydrogenation of U3Si2 was performed at hydrogen pressure 

120 bar by heating up to T = 773 K and subsequent cooling with the rate 0.5 K/min.  

So as to find the amount of absorbed hydrogen, we performed controlled 

temperature-induced desorption experiment on U3Si2Hx, which was placed in an 

evacuated calibrated volume and heated using a constant heating rate 2 K/min (fig. 

6.20). A standard procedure requires to estimate the amount of hydrogen released 

after the oven is switched of and reactor cooled to ambient temperature. In the case 
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of U3Si2, decreasing temperature leads evidently to a re-absorption even if the H 

pressure is low, on the scale of mbar. So we assumed, based on previous experience 

with the particular setup, that having the reactor at  700 °C increases the pressure 

for the given geometry of the system by approx. 10%. The amount of hydrogen 

released was estimated as 1.8 H/f.u. The H concentration corresponds to U2T2X 

compounds with H concentration slightly below the nominal 2 H/f.u., achieved when 

filling adjacent U3T tetrahedra up to 50 %. The product of desorption process was 

checked by XRD, which proved that we arrived back to the initial compound. The 

desorption was also performed while pumping the hydrogen out (fig. 6.21). The peak 

in p(t) (≈ 400 °C) shows where the desorption starts. 

Figure 6.20. The record of development 

of temperature and pressure during the 

desorption experiment performed on 

U3Si2Hx. 

Figure 6.21. The record of development 

of temperature and pressure during the 

desorption experiment performed on 

U3Si2Hx in dynamic vacuum. 

 

X-ray powder diffraction experiment showed that the structure type does not change 

upon hydrogenation (fig. 6.22). The structure reacts by lattice expansion of approx. 

10 %. The results of the refinement of XRD data are shown in table 6.7. The shortest 

inter-uranium distance for both compounds is found between U-atoms in different 

planes (dU-U = 3.319 Å for U3Si2, dU-U = 3.441 Å for the hydride) (see fig. 6.23 and 

table 6.7). Its value for parent compound is much lower than the Hill limit (3.4 –

 3.6 Å). In the hydride the shortest dU-U is expanded reaching the value close to the 

Hill limit. Comparing to U2T2X compound, we can clearly see that the coordination 

of the interstitial positions is different. While in U2T2X compounds the hydrogen 

occupies U3T tetrahedra, we do not have the transition metal T in U3Si2. It is 

substituted by another atom of uranium. This difference may be the reason for 

different absorption properties of U3Si2 compound.  
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Figure 6.22. Comparison of XRD pattern of U3Si2 and its hydride. 

 

Figure 6.23. Projection of the U3Si2 structure onto the xy plane (left panel) and along 

the c-axis (right panel). Two types of U-atoms are drawn as grey and red circles, Si 

as blue circle. The inter-uranium distances are indicated. 

 

 U3Si2 U3Si2H2 
a (Å) 7.327 7.595 
c (Å) 3.893 3.999 
V (Å3) 209.01 230.60 
∆a/a (%) - 3.6 
∆c/c (%) - 2.7 
∆V/V (%) - 10.3 
xU1 0.18058 0.17588 
xSi 0.38282 0.39473 
d1 (Å) 3.743 3.778 
d2 (Å) 3.802 3.961 
d3 (Å) 5.181 5.370 
d4 (Å) 3.893 3.999 
d5 (Å) 3.319 3.441 
Table 6.7. Structure parameters of U3Si2 and its hydride. Lattice parameters a and c, 

unit cell volume V, relative lattice expansion along a direction ∆a/a, along c direction 

∆c/c and relative volume expansion ∆V/V are given. Inter-uranium distances are 

given with the shortest one highlighted in green color. 
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U3Si2 was found to be Pauli paramagnet down to 2 K [46,47]. This result is 

corroborated by the results of XRD refinement, the shortest dU-U = 3.319 Å being 

much below the Hill limit. 

Magnetic properties of the hydride were measured on randomly oriented fixed 

powder in the magnetic fields up to 9 T. The hydride was found to be a spin 

fluctuator with temperature dependent magnetic susceptibility much higher than for 

parent compound. The temperature dependence of magnetic susceptibility (fig. 6.25) 

shows a field-dependent upturn at low temperatures. Also formation of weak 

remanent magnetization is visible (fig. 6.24). Absence of well-defined TC (either 

intrinsic or impurity) gives impression of ferromagnetic clusters due to randomness 

of H occupancy. 

 

Figure 6.24. Field dependence of magnetization of U3Si2H1.8 measured at T = 2 K. 

  

Figure 6.25. Temperature dependence of magnetic susceptibility of U3Si2H1.8 

measured in various magnetic fields. 

 

The results of magnetic measurements are corroborated by the specific heat data (fig. 

6.26). The specific heat of the hydride reveal an upturn at low temperatures which is 



73 
 

suppressed by applied magnetic field (fig. 6.27). 

Figure 6.26. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for U3Si2 and 

its hydride. 

Figure 6.27. Low temperature part of 

specific heat (in the C/T vs. T 
2 

representation) for U3Si2H1.8 measured in 

various magnetic fields. 

 

6.2.2. U2Ni2Sn 

 

U2Ni2Sn represents an important case for considerations on origin of magnetic 

anisotropy in U intermetallics. Majority of U2T2X compounds, crystallizing in the 

tetragonal structure (Mo2FeB2 type), have the closest U-U spacing along the c-axis. 

Magnetic moments are, as a rule, in the basal plane (perpendicular to the shortest U-

U distance). In U2Ni2Sn, the U-U spacing in the basal plane is slightly smaller.  

 

U2Ni2Sn, is an antiferromagnet with TN = 26 K. A powder neutron diffraction 

experiment revealed that the known antiferromagnetic order has a propagation vector 

q = (0, 0, 1/2) and AF coupling also within the basal plane [48]. But the 

interpretation in terms of a collinear structure with basal-plane orientation of the U-

moments (μU = 1.05 μB) was somewhat preferred in this powder experiment, only 

later and never published neutron diffraction data on allegedly single crystalline 

sample probably pointed to c-axis orientation [49]. 

 

The temperature dependence of lattice parameters was measured by XRD using Co 

radiation. It revealed that the a-parameter increases with increasing temperature 

while the c-parameter decreases (fig. 6.28). The shortest U-U distance was found to 
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be in the basal plane, it increases with increasing temperature (fig. 6.29). On the 

other hand the U-U distance along the c-axis is decreasing with increasing 

temperature. Similar temperature dependence was found also for U2Pd2Sn [50]. At 

low temperatures the shortest dU-U is found in the basal plane and it increases with 

increasing temperature while the distance along c-axis is decreasing. This behavior 

leads to the crossover at T = 225 K to shortest dU-U along the c-axis at high 

temperatures. It was shown that this crossover is mainly caused by the variation of xU 

not by the temperature variation of the a-parameter. In U2Ni2Sn the shortest inter-

uranium distance has the same temperature dependence as the lattice parameter a. 

The temperature dependence of U position manifests itself at low temperatures where 

the dU-U in the basal plane increases by 4.10-3 % below the Néel temperature. 

 

Figure 6.28. Temperature dependence of lattice parameters a and c. 

Figure 6.29. Temperature dependence of shortest inter-atomic distances in U2Ni2Sn, 

perpendicular (left) and parallel to the c–axis (right), respectively. 

 

So as to study the magnetic anisotropy of U2Ni2Sn, we have successfully prepared 

the single-crystalline sample of U2Ni2Sn by Czochralski method. Preliminary sample 
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investigation using the Laue method proved it to be single crystal of good quality 

(fig. 6.30).  

 

Figure 6.30. Laue pattern of U2Ni2Sn single crystal (view along the c-axis).  

 

So as to find the magnetic anisotropy, the magnetic susceptibility was measured 

along the c-axis and in the basal plane using SQUID magnetometer (fig. 6.31). The 

measurement of magnetic susceptibility proved the c-axis to be the easy axis of 

magnetization. The data were fitted to CW-law using parameters shown in the figure. 

We have found the anisotropy of approx. 170 K. High field magnetization was 

measured in pulsed magnetic field along the c-axis and in the basal plane (fig. 6.32). 

It shows 3 metamagnetic transitions at approx. 30, 39 and 50 T along the c-axis.  

 

  

Figure 6.31. Temperature dependence of 

inverse magnetic susceptibility in fields 3 T 

and 6 T applied along the main axes of a 

U2Ni2Sn single crystal. Dashed lines are 

Curie-Weiss fits with parameters shown in 

legends. 

Figure 6.32. High field magnetization 

curves applied along the c axis of a 

U2Ni2Sn single crystal at various 

temperatures. 
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Specific heat measured on non-oriented sample shows a sharp magnetic phase 

transition at TN = 26 K corroborating the results from magnetic measurements (fig. 

6.33).  We determined the low-T value of the Sommerfeld coefficient γ using the 

relation 

C = T + βT 3, 

known as a low-temperature approximation for the Debye specific heat accounting 

for phonon specific heat term (fig. 6.34). We obtained the Sommerfeld coefficient 

 = 200 mJ/mol.K2. 

Figure 6.33. Comparison of temperature 

dependence of the magnetic susceptibility 

along the main axes in field 3 T and the 

specific heat in form Cp/T (in zero field). 

Figure 6.34. Low temperature fit of 

specific heat of U2Ni2Sn. 

 

The specific heat data were fitted to the following expression in the whole T-range: 

C = Cel + CDebye + CEinstein, 

where Cel, CDebye and CEinstein are electron, Debye and Einstein terms, respectively. 

The acoustic part of the phonon heat capacity is described using the Debye 

model
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, where ΘD is the Debye temperature and R is 

the universal gas constant.  

The term 
TD1

1
is the correction factor; αD is the coefficient of the anharmonicity 

of acoustic branches. Here the three acoustic branches are taken as one triply 
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degenerate branch. Similarly, the individual optical branches are described by the 

Einstein model 
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, where ΘEi is the Einstein temperature 

of the ith optical phonon branch and R is the universal gas constant.  

 

Several optical branches are again grouped into one degenerate multiple branch with 

the same Einstein characteristic temperature and anharmonicity coefficient. The heat 

capacity can be then expressed by 
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Using this fit the magnetic contribution to the specific heat was obtained (fig. 6.35) 

and the magnetic entropy was calculated (fig. 6.36). The value of magnetic entropy is 

close to S = R ln 2 indicating doublet ground state. 

  

Figure 6.35. Magnetic contribution to the 

specific heat of U2Ni2Sn. 

Figure 6.36. Magnetic entropy Sm(T) of 

U2Ni2Sn compared with S = R ln 2 for 

doublet ground state (blue line). 

 

Magnetoacoustic properties were measured on single crystal at various temperatures 

with pulsed magnetic field along the c-axis using the technique described in section 

4.6. The results clearly corroborate the results from high field magnetization. 3 

metamagnetic transitions are visible both on the change of sound velocity and 

ultrasound attenuation (fig. 6.37) 
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Figure 6.37. Field dependence of relative changes of ultrasound velocity and 

attenuation compared with magnetization of U2Ni2Sn measured along the c-axis at 

T = 1.5 K. 

 

Temperature dependence of sound velocity in zero magnetic field exhibits an 

anomaly of 0.2*10-3 at 25 K which corresponds well to TN. All three metamagnetic 

transitions are accompanied by pronounced anomalies in acoustic characteristics. 

Despite the transitions look similar in magnetization curves, acoustic anomalies are 

rather different (fig. 6.38). The first transition at μ0Hcr1 = 30 T (it is practically 

temperature-independent and seen up to TN) produces a step down in sound velocity 

and is not seen at all in sound attenuation. The second (μ0Hcr2 = 40 T, also 

temperature-independent) and third (μ0Hcr3 = 52 T at 1.5 K and decreases with 

increasing temperature) transitions exhibit a deep minimum in sound velocity and an 

anomaly in attenuation. Both effects are especially large at the second transition. 

Moreover, their temperature evolution is strongly non-monotonous (fig. 6.39 and 

6.40). Depth of the minimum in sound velocity Δv/v starts from 2*10-3 at 1.5 K, 

passes through maximum value 22*10-3 at 12 K and then vanishes approaching TN. 
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Similarly, peak in sound attenuation is 4 dB/cm (1.5 K), 60 dB/cm (12 K) and 2 

dB/cm at 20 K. Enhanced attenuation at Hcr2 indicates that the 1st order transition 

(which has phase separation but not critical fluctuations) changes at elevated 

temperatures into 2nd order with diverging critical fluctuations. 

  

  

Figure 6.38. Field dependence of relative changes of ultrasound velocity and 

attenuation compared with magnetization of U2Ni2Sn measured along the c-axis at 

various temperatures. Dashed lines indicate critical fields of metamagnetic 

transitions. Note different vertical scale for acoustic characteristics at different plots. 
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Figure 6.39. Field dependence of relative 

changes of ultrasound velocity in 

U2Ni2Sn measured along the c-axis at 

various temperatures. 

Figure 6.40. Field dependence of relative 

changes of ultrasound attenuation in 

U2Ni2Sn measured along the c-axis at 

various temperatures. 

 

We have also performed neutron diffraction experiment so as to reveal the magnetic 

structure. From this experiment also the temperature dependence of lattice 

parameters was obtained. Contrary to expectations from usual thermal-expansion 

behavior, we found that d║U –U (along c-axis) increases with decreasing temperature 

all the way down to 40 K, while d┴U –U (in the basal plane) decreases with 

decreasing temperature (table 6.8). It corroborates the results of XRD experiment. 

 

T (K)  d║U –U (Å)  d┴U –U (Å)  dU-Ni (Å)  dU-Sn (Å)  
300  3.680(2)  3.579(2)  2.757(2)  3.246(3)  
180  3.683(1)  3.574(1)  2.754(1)  3.245(3)  
130  3.688(1)  3.567(1)  2.756(1)  3.244(3)  
80  3.694(2)  3.560(1)  2.754(1)  3.242(3)  
40  3.700(1)  3.555(1)  2.753(1)  3.234(3)  
Table 6.8. Shortest inter-atomic distances in U2Ni2Sn, d║U –U and d┴U –U are the 

distances parallel and perpendicular to the c–axis, respectively. 

 

So as to find the moment configuration, 8 different histograms (about 4 hours each) 

were taken at 17 K. Magnetic reflections with a propagation vector of q = (0,0,1/2) 
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were observed, indicating a doubling of the magnetic unit cell with respect to the 

nuclear cell.  

 

(h, k, l)  
(original cell)  

(h, k, l)  
(doubled cell)  

wavelength  I (obs)  

-2  3  0.5  -2  3  1  2.6924  43  
-2  4  0.5  -2  4  1  2.1578  41  
3  -2  -0.5  3  -2  -1  2.6018  42  
4  -4  -0.5  4  -4  -1  1.5345  33  
4  -2  -0.5  4  -2  -1  1.9690  45  
0  3  -0.5  0  3  -1  3.6740  97  
3  0  -1.5  3  0  -3  2.1841  55  
3  0  0.5  3  0  1  3.0654  135  
2  2  0.5  2  2  1  2.6746  46  
2  4  0.5  2  4  1  2.6103  23  
1  1  -0.5  1  1  -1  5.5329  80  
Table 6.9. Magnetic reflection observed on neutron diffraction pattern of U2Ni2Sn. 

 

6.2.3. U2(Ni1‐xFex)2Sn 

 

So as to study the stability and properties of magnetic order in U2Ni2Sn we have 

decided to probe it by Fe substitution and hydrogenation.  U2Ni2Sn is an 

antiferromagnet with TN = 26 K. Its hydrogenation leads to stronger magnetic 

interactions (U2Ni2SnH1.8 has TN = 87 K [25]).  The other terminal phase, U2Fe2Sn, 

does not show any long-range magnetic order and for this compound no 

hydrogenation studies were published to date.  

The parent alloys were used as a starting material for hydrogenation. The standard 

procedure of hydrogenation was performed.  After the surface of the sample was 

activated, the reactor was filled with a pressurized hydrogen gas (120 bar), and then 

exposed to thermal cycling up to T = 773 K. 

 

The X-ray diffraction showed that all studied compounds crystallize in the Mo2FeB2 

type of structure. With increasing Fe concentration, the a parameter increases 

whereas c decreases. Hydrogen absorption of < 2 H/f.u. could be achieved for high H 

pressures (> 100 bar) similar to other U2T2X compounds absorbing hydrogen [25]. 

There was no evidence that hydrogenation changes the crystal structure. In all cases, 

it results in unit cell expansion (increasing from ≈ 7 % to ≈ 10 % with increasing Fe 
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concentration). Upon hydrogenation, both lattice parameters increase almost 

isotropically in the hydrides with respect to the parent compounds (figs 6.41 and 

6.42). The results of the crystal structure refinement of U2(Ni1-xFex)2Sn compounds 

and their hydrides are summarized in table 6.10. 

 

parent compound hydride 
x a (Å) c (Å) a (Å) c (Å) ∆V/V (%) 
0 7.2630 3.6950 7.4450 3.7640 7.03 
0.05 7.2762 3.6719 7.4464 3.7530 7.04 
0.1 7.2790 3.6566 - - - 
0.15 7.2846 3.6366 7.4582 3.7290 7.49 
0.2 7.2913 3.6222 7.4744 3.7101 7.64 
0.23 7.2868 3.6174 7.4772 3.7085 8.07 
0.4 7.3002 3.5728 7.4946 3.6704 8.28 
0.6 7.3056 3.5216 7.5122 3.6353 9.16 
0.8 7.3046 3.4774 7.5316 3.5829 9.54 
Table 6.10. Comparison of crystal structure parameters of U2(Ni1-xFex)2Sn 

compounds and their hydrides. Lattice parameters a and c and volume change with 

respect to the parent compounds. 

 

Figure 6.41. Concentration dependence of 

the lattice parameters of U2(Ni1-xFex)2Sn 

and their hydrides. 

Figure 6.42. Relative increase of lattice 

parameters (a, c) and volume change 

with respect to the parent compounds. 

 

So as to find the amount of absorbed hydrogen, the controlled temperature-induced 

desorption experiment on hydrides was performed. The hydride was placed in an 

evacuated calibrated volume (system volume 97.2 cm3) and heated using a constant 

heating rate 2 K/min. The sample was subsequently rapidly cooled down. An 

example of the record of this experiment is shown in fig. 6.43. The pressure released 

corresponds to approx. 1.8 H/f.u. 
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Figure 6.43. The record of development of temperature and pressure during the 

desorption experiment performed on U2(Ni0.6Fe0.4)2Sn-H. 

 

A rapid suppression of antiferromagnetic order with increasing Fe concentration is 

evidenced by temperature shift of the feature at TN in C/T (fig. 6.44). For 

U2(Ni0.8Fe0.2)2Sn, the low-temperature C/T reveals behavior that is reminiscent of 

non-Fermi-liquid scaling (fig. 6.46). A pronounced upturn in C/T vs. T at low 

temperatures is often described by two different microscopic models: either using a 

paramagnon term δT 2 ln T or the term – AT ½, predicted for weakly interacting spin 

fluctuations. In our case, we found that the - AT ½ term provides a better fit of the 

low temperature specific heat (between 3 and 11 K). However, for lower 

temperatures (below 3 K), the upturn saturates and it now resembles more a 

paramagnon term, i.e. δT 2 ln T.  The rather sudden change in C/T around ≈ 3 K 

would usually be taken as evidence for some kind of magnetic ordering. However, no 

pronounced anomaly of magnetic susceptibility χ (T) appears in this temperature 

range. Instead, χ (T) has a monotonously increasing tendency (with decreasing T), 

which becomes gradually more and more field dependent. Comparison of the C/T 

data of U2(Ni0.8Fe0.2)2Sn with the ones of U2Co2Sn (fig. 6.47) reveals quite similar 

behavior for the two compounds,  except that  there is no saturation tendency in 

U2Co2Sn [51]. Interestingly, similar behavior, also without any saturation tendency, 

appears also for U2Co2InH1.9 [52] (see fig. 6.46).  

The Sommerfeld coefficient, which measures the electronic contribution to the 

specific heat, increases with increasing Fe concentration. It reaches a maximum 

value of ≈ 430 mJ/mol.K2 for U2(Ni0.8Fe0.2)2Sn (fig. 6.45). Such high γ values are 

relatively common at the verge of magnetism. With further increment of Fe 

concentration, γ decreases again.  
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Figure 6.44. Temperature dependence of 

the specific heat (in the C/T vs. T 

representation) for U2(Ni1-xFex)2Sn. 

Figure 6.45. Concentration dependence 

of Sommerfeld coefficient of specific 

heat of U2(Ni1-xFex)2Sn. 

 

Figure 6.46. Low temperature part of the specific heat in the C/T vs. T representation 

of U2(Ni0.8Fe0.2)2Sn measured in zero field compared with U2Co2InH1.9. Different fits 

marked by the dashed and dotted lines help to distinguish between the two different 

microscopic models. 

 

Figure 6.47. Temperature dependence of magnetic susceptibility of U2(Ni0.8Fe0.2)2Sn 

measured in various fields compared with the magnetic susceptibility of  U2Co2Sn 

[54]. 
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The hydrogenation of AF compounds leads to an increase of the Néel temperature, 

nevertheless the ordering temperature also rapidly decreases with increasing Fe 

concentration. Antiferromagnetic order disappears at approximately the same Fe 

concentration as in the case of parent alloys. It seems that the lattice expansion upon 

hydrogenation in the U2(Ni1-xFex)2Sn has only little influence on magnetic properties  

around x ≈ 0.2. It should be noted that there is no similar pronounced upturn in the 

low-temperature specific heat seen in the hydride of U2(Ni0.8Fe0.2)2Sn. The low 

sensitivity to lattice expansion in this alloy is unlike U2Co2Sn, where hydrogen 

absorption of small amount of hydrogen to U2Co2Sn led to ferromagnetic α-hydride 

(TC = 33.5 K) and larger amounts of H led to an antiferromagnetically ordered β-

hydride (TN = 27 K) [53]. 

 

As can be seen in fig. 6.48 and 6.49, hydrogenation of Fe-rich alloys leads to an 

unexpected development of ferromagnetic order between x = 0.23 and 0.8 (TC = 38 K 

at x = 0.6). 

 

Figure 6.48. Comparison of the field dependence of magnetization of U2(Ni1-

xFex)2Sn hydrides. 
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Figure 6.49. Comparison of temperature dependence of magnetization (FC) of 

U2(Ni0.4Fe0.6)2Sn and its hydride measured in external magnetic field μ0H = 0.03 T. 

 

The studies of physical properties of U2(Ni1-xFex)2Sn and their hydrides allow us to 

build magnetic phase diagram as a function of Fe concentration (see fig. 6.50). 

Taking the anomalies observed in C/T and χ, we find that the ferromagnetic phase in 

Fe-rich hydrides is isolated from the antiferromagnetic phase for Fe-low hydrides. 

 

Figure 6.50. Magnetic phase diagram of U2(Ni1-xFex)2Sn and their hydrides (circles 

denote the Néel temperature, triangles the Curie temperature). Black color 

corresponds to parent compounds, red to the hydrides. 

 

When comparing the results of magnetic measurements with the data from XRD, we 

can see that magnetic properties are closely related to the crystal structure. With 

increasing Fe content the shortest dU-U is switched from the basal plane to the 

orientation along the c-axis (fig. 6.51). This leads to the change of effective 

couplings in different directions. Usually the shortest U-U distance is ferromagnetic 

while the longer one can be also antiferromagnetic leading to the magnetic 
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frustration. We can speculate that the suppression of long-range order in parent 

compounds does not have to be the result of different strength of hybridization but 

also of the frustration. When the U-distances in basal plane and along the c-axis are 

almost the same, the type of the coupling is not well defined by the geometry of 

nearest neighbors. Consequently the long-range magnetic order is suppressed. In the 

hydrides the shortest dU-U is also switched from basal plane to the orientation along 

the c-axis (fig. 6.52). But for hydrides with higher Fe content the difference between 

the distances in the basal plane and along the c-axis is much bigger than in parent 

compounds allowing ferromagnetic order. 

 

Figur 6.51. Fe-content dependence of 

shortest inter-uranium distances in the 

basal plane and along the c-axis in the 

parent compounds. 

Figure 6.52. Fe-content dependence of 

shortest inter-uranium distances in the 

basal plane and along the c-axis in the 

hydrides. 

 

6.3. RE2T2X 
 

RE2T2X compounds form a very wide group of rare-earth intermetallics and 

crystallize in several structure types. In order to perform systematic studies (also 

possible comparison to U2T2X compounds), we have focused to compounds 

crystallizing in the tetragonal Mo2FeB2 structure type with X = In. From this group 

we have chosen the compounds with T = Ni and Pd. From the former only La2Ni2In 

and Nd2Ni2In were studied because RE2Ni2In ones with heavier rare-earth crystallize 

with different crystal structure type [54]. On the other hand there is the possibility to 

try isostructural compounds with T = e.g. Pd. We have studied RE2Pd2In with 

RE = La, Nd, Gd-Er and Lu. All studied compounds can absorb hydrogen. The 

hydrogenation has various possible impacts on the crystal structure of this group of 
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compounds. It can lead to pure lattice expansion, orthorhombic distortion or even to 

amorphization. Hydrides of RE2Pd2In were found to be quite unstable. They lose 

hydrogen in ambient conditions in 1-2 weeks. So as to prevent spontaneous 

desorption of hydrogen the samples were passivated by N2. The sample is heated up 

to 200 °C in 3.5 bar of N2 gas and subsequently fast cooled down to room 

temperature.  

 

6.3.1. RE2Ni2In 

6.3.1.1. La2Ni2In  

 

La2Ni2In was synthesized as non-magnetic precursor for Nd2Ni2In. La2Ni2In 

crystallizes in Mo2FeB2 structure type with the lattice parameters a = 7.626 Å and 

c = 3.905 Å.  

 

The synthesized ingot was used for the hydrogenation, which was carried out at 

T = 250 ºC and H2 pressure of 0.5 bar. Prior to the hydrogenation the bulk sample 

was crushed into sub-millimeter particles and activated in a dynamic vacuum (5·10-6 

mbar) by heating to 250 ºC for 2 hours. After cooling to the room temperature the 

crushed polycrystal was exposed to the H2 gas at a given pressure.  Even though the 

sample started to absorb readily, it was subsequently heated up to 250 ºC where it 

was hold for 12 hours. After that it was cooled to the room temperature with the rate 

1 ºC/min. The estimated sample composition from the pressure drop is 4.45 H/f.u. 

The amount of absorbed hydrogen was also calculated from the weight change due to 

hydrogen absorption (5.2 H/f.u.). We can assume that the composition of the sample 

is La2Ni2InH4.8±0.3. 

The X-ray diffraction showed that the hydrogenation leads to the amorphization of 

La2Ni2In (fig. 6.53) 
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Figure 6.53. XRD pattern of 

La2Ni2InH4.8±0.3. 

Figure 6.54. XRD pattern of La2Ni2In 

and its hydride. 

 

The hydrogenation was also carried out at room temperature and the H2 pressure of 

4.5 bar. Prior to the hydrogenation the ingot was crushed into sub-millimeter 

particles. After standard procedure of activation the crushed polycrystal was exposed 

to the H2 gas pressure of 4.5 bar for 24 hours. 

The hydrogenation at room temperature and the H2 pressure of 4.5 bar produced an 

amorphous material (fig. 6.54). The estimated sample composition from the pressure 

drop is 5.4 H/f.u. As the XRD pattern of this hydride shows that it is less amorphous 

that the one obtained by heating up in H2 pressure of 0.5 bar, we can speculate that 

the temperature is actually the mechanism controlling the amorphization.  

 

The specific heat measurement was performed on polycrystalline sample using the 

PPMS measuring system in the temperature range 2 - 300 K (fig. 6.55). We 

determined the value of the Sommerfeld coefficient γ using the relation 

C = T + βT 3, 

known as a low temperature approximation for the Debye specific heat accounting 

for phonon specific heat term. We obtained the parameters  = 16.12 mJ/mol.K2 and 

β = 1.971 mJ/mol.K4. 
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Figure 6.55. Specific heat in C vs. T representation (left panel) and low temperature 

fit of specific heat (right panel) of La2Ni2In. 

 

6.3.1.2. Nd2Ni2In 

 

The Nd2Ni2In polycrystal was used as starting material for hydrogenation. The 

standard procedure of hydrogenation was performed. So as to remove surface 

contaminants, the powder was heated to 250 °C in dynamic vacuum (10-6 mbar).  

After introducing the hydrogen (or deuterium) gas (4 bar), sample started to absorb 

hydrogen, as registered by a pressure drop in the system. After the initial period of 

approx. 30 min the absorption became faster and then saturated after approx. 1 hour, 

giving an approximate H concentration of 6-7 H atoms/f.u. The mass increment due 

to H absorption gave similar number, (6.4  0.6) H atoms/f.u. A controlled 

temperature-induced desorption in calibrated volume is normally the most precise 

method to determine the H concentration, as it uses a high-precision capacitance 

manometer, which can operate only up to 1100 mbar. The results are discussed 

below. Attempts to synthesize the hydride at considerably higher pressures (100 bar 

H2) did not lead to any noticeable increase of the H concentration. 

 

Nd2Ni2In crystallizes in the tetragonal Mo2FeB2 (space group P4/mbm) structure (fig. 

6.56). The hydrogenation leads to crystal structure modifications. The hydrogen 

absorption leads to an anisotropic expansion of the unit cell along the a- and c-axes 

and a compression along the b-direction. As a result, the crystal structure is changed 

from the tetragonal Mo2FeB2 structure type to an orthorhombic one (space group 

Pbam). The lattice parameters are given in the table 6.11. The deuteride used for 

neutron diffraction exhibits slightly different lattice parameter than the hydride 
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prepared under similar conditions. It can be due to somewhat higher concentration of 

D. As it is difficult to determine precisely the concentration experimentally (see the 

section on desorption), we maintain the label Nd2Ni2InH7. 

 

Compound Space group a (Å) b (Å) c (Å) ∆V/V (%) 
Nd2Ni2In P4/mbm 7.503(2) 7.503(2) 3.789(1) - 
Nd2Ni2InH4.5 Pbam 8.448(5) 7.505(5) 3.888(3) 15.5 
Nd2Ni2InH7 Pbam 8.944(5) 7.313(4) 3.913(3) 20.0 
Nd2Ni2InD7 Pbam 9.017(7) 7.362(7) 3.955(3) 23.1 
Table 6.11. Crystal structure data of Nd2Ni2In and its hydrides: the data on 

Nd2Ni2InH4.5 are taken from Ref. 5.  

 

 

Figure 6.56. Projection of the Nd2Ni2In structure onto the xy plane (left panel) and 

along the c-axis (right panel). Nd, Ni and In atoms are drawn as blue, green and red 

circles, respectively. Atoms connected by thin lines lie on the planes at z = 0 and by 

thick lines at z = ½. The dotted lines mark the basis of the tetragonal structure.  

 

So as to find the positions of hydrogen atoms, the neutron diffraction experiment at 

room temperature was performed on the deuteride Nd2Ni2InD7. The crystal structure 

refinement showed that the crystal structure is changed from tetragonal Mo2FeB2 to 

orthorhombic one (space group Pbam) as in the case of the hydride. Compared to Nd 

atom in the parent compound which has 1 nearest neighbor and 4 second nearest 

neighbors in the basal plane (2 different Nd-Nd distances, see table 6.14), Nd atoms 

have now 3 different Nd-Nd distances in the basal plane (d1Nd-Nd = 3.787 Å, d2Nd-

Nd = 4.324 Å, d3Nd-Nd = 4.698 Å). Attempting to allocate D atoms to various 

interstitial sites we obtained as the most plausible the model with 4 different D sites. 

The crystal structure data with atomic positions are given in tab. 6.12. The crystal 

structure of Nd2Ni2InD7 is presented in fig. 6.57. The total D occupation comes out 

as 7.52, i.e. indeed substantially higher than 6. D1, D2 and D4 positions were already 



92 
 

proposed in [55] as favorable positions for hydrogen in this structure (H22, H31 and 

H1, respectively). Moreover we have found also position D3 in Nd2Ni2 interstitial 

which was not considered in previous work. 

 

Atom Site Interstitial x y z n 
Nd 4h - 0.799211 0.660542 0.5 1 
Ni 4g - 0.082012 0.669859 0 1 
In 2a - 0 0 0 1 
D1 4h Nd2In2 0.372059 0.530052 0.5 0.95 
D2 4g Nd4NiIn 0.254946 0.650612 0 1 
D3 4g Nd2Ni2 0.600540 0.090814 0 0.81 
D4 8i Nd3Ni2 0.923973 0.340514 0.539545 0.5 

Table 6.12. Crystal structure of Nd2Ni2InD7: internal parameters x, y, z, and the 

coefficients of the site occupancy n. 

 

 

Figure 6.57. Projection of the Nd2Ni2InD7 structure onto the xy plane (left panel) 

and along the c-axis (right panel). Nd, Ni, In and D atoms are drawn as blue, green, 

red and equatorial circles, respectively. Atoms connected by thin lines lie on the 

planes at z = 0 and by thick lines at z = ½. The dotted lines mark the basis of the 

tetragonal structure.  

 

Comparing the positions occupied by deuterium in Nd2Ni2In with the position found 

in isostructural U2Ni2Sn [56], we can clearly see that one of the positions (D4) in 

Nd2Ni2InD7 (8i, Nd3Ni2 interstitial) is the same as in the case of U compound 

(U3Ni2 interstitial). This position is actually splitted position in Nd3Ni2 interstitial as 

the z coordinate is not exactly 0.5 but ≈ 0.54. In previous works for U-compounds 

[56] it was labeled as U3T interstitial. We can assume that hydrogenation of 

Nd2Ni2In should first lead to formation of hydride with 2 H/f.u., which is analogous 

to U2T2X hydrides (still tetragonal).  
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So as to find the amount of absorbed hydrogen, we performed controlled 

temperature-induced desorption experiment on Nd2Ni2InH7, which was placed in an 

evacuated calibrated volume (system volume 97.2 cm3, sample mass 225.8 mg) and 

heated using a constant heating rate 2 K/min. As part of the system is at ambient 

temperature while the reactor is heated, a standard procedure requires to estimate the 

amount of hydrogen released after the oven is switched off and reactor cooled to 

ambient temperature. A less precise method is to assume, based on previous 

experience with the particular setup, that having the reactor at  700 ºC increases the 

pressure for the given geometry of the system by approx. 10%. The first method 

cannot be applied here, decreasing temperature leads evidently to a re-absorption 

even if the H pressure is low, on the scale of mbar.   

The desorption from Nd2Ni2InH7 takes place in several distinct stages. In the final 

stage, at T = 720 oC, where pure Nd2Ni2In is formed (checked by XRD) we released 

in total approx. 320 mbar H2. This would give 7.85 H atoms/f.u. Correcting for 

elevated temperature in the last run, as explained above, gives the approximate 

stoichiometry Nd2Ni2InH6.95.           

It is instructive to see one of the desorption experiments in several phases. In the first 

step (fig. 6.58a) one can see that a significant desorption starts at low temperatures 

already, well below 100 ºC, and this stage is practically completed at T = 150 ºC, at 

which temperature about 100 mbar H2 is desorbed, which corresponds to 2.45 H/f.u. 

(leaving Nd2Ni2InH4.50). A plateau follows until temperature reaches  300 ºC, where 

the faster desorption is resumed. It extends to almost 450 ºC, where 3.8 H/f.u. is 

released in total (leaving approx. 3.1 H/f.u.). A second plateau followed at this level 

extending at least to 500 ºC. At this temperature the sweep was interrupted and the 

temperature was kept at 500 ºC for about 90 minutes. The reason was to prove the 

stability of this intermediate state. If for example a tendency of decomposition into a 

binary hydride NdH3 would occur, the pressure would start to decrease. After that, 

the heating was stopped and the temperature spontaneously reduced to 20 ºC. This 

led to a significant re-absorption of 1.03 H/f.u. As the desorbed gas volume can be 

apparently affected by outside gas pressure, the residual gas of 115 mbar was 

evacuated before the next run. So the following run started with the composition 

Nd2Ni2InH4.0 (average composition; one could have a mixture of phases at this 
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stage). Following a similar pressure variations with T, the material desorbs in total 

1.1 H/f.u., i.e. slightly higher than the amount re-absorbed at the previous run, up to 

T = 500 ºC. It means that the equilibrium H concentration at T = 500 ºC is almost the 

same irrespective of the gas pressure. Removing the heating again, almost all H 

(except 6 mbar) is re-absorbed this time, the final composition was Nd2Ni2InH3.85. 

Comparing to the two runs, we can deduce that very low pressures (of the order of 

mbar) are sufficient to hydrogenate the compound at room T up to the level 

Nd2Ni2InH3.85-4.00. Higher pressures are then needed for higher H concentrations. 

Compare with 500 mbar needed to produce Nd2Ni2InH4.5 in Ref. 5.       

In the last run (fig. 6.58b), before which we evacuated residual 6 mbar of H2, we did 

not stop the temperature at 500 ºC, the run was extended up to 750 ºC. During the 

temperature ramp, we release about 1.0 H/f.u. up to 500 ºC similar to the run 2. 

Going beyond 500 ºC, we notice another fast desorption between 515 and 580 ºC. At 

the end of this phase, the stoichiometry corresponds to Nd2Ni2InH2.0. And the third 

pronounced step appears in the range 700 – 720 ºC. Above that, no further desorption 

takes place. Pumping the released H2 out and cooling down, we examined the 

product by XRD, which proved that we arrived to the initial compound Nd2Ni2In.  

 

We were tempted to synthesize pure Nd2Ni2InH2.0 so as to check whether its 

structure is tetragonal in analogy for the hydrides of U-based 221 compounds. The H 

exposure to precisely defined amount of H2 at 600 ºC (in the expected stability range 

of Nd2Ni2InH2) for 20 hours followed by a cooling in several steps down to 530 ºC. 

There it was maintained for 40 hours and then cooled (0.1 K/min) down to 200 ºC. 

This gave indeed the absorption of 2.08 H/f.u., but XRD showed a mixture of phases, 

from which we could identify the hydride of NdNiIn [60] and NdH2. The result 

shows that either the same disproportionation happened during the desorption 

experiment on fig. 6.58 and was followed by a recombination into Nd2Ni2In, or the 

disproportionation happened due to much longer exposure to high temperatures. 

Another attempt we undertook was based on hydrogenation at ambient temperature, 

using again a precisely defined amount of H2. This time we obtained a mixture of 

pure Nd2Ni2In and of the orthorhombic phase, probably Nd2Ni2InH4. The only 

feasible way to prepare the single-phase tetragonal hydride was to allow a very slow 

spontaneous decay on air of the full hydride on the timescale of 100 Ms. 
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Figure 6.58. The record of development of temperature and pressure during the 

desorption experiment performed on Nd2Ni2InH7. Left panel shows first step 

(sample heated to 500 ºC, then it was cooled down. Nd2Ni2InH4 was obtained), right 

panel shows the following step (hydride with 3.85 H/f.u. heated up to 750 ºC). The 

temperature oscillations are due to the small mass of the reactor, insufficient for 

optimum PID operation of the heater at lower temperatures.   

 

Temperature dependence of magnetic susceptibility χ(T) was measured in fields µ0H 

= 3 and 6 T in the whole temperature range 2-300 K. The data practically coincide in 

the paramagnetic state, which proves that no magnetic impurity is present. The data, 

displayed in fig. 6.59, apparently follow the Curie-Weiss law, but a detailed 

inspection revealed that while the fitting over the range 80-300 K yields µeff = 3.55 

µB/Nd and θp = -5.6 K (which is very similar to the data presented in Ref. [55]), 

below this temperature the susceptibility increases somewhat faster, which would 

correspond to lower µeff, and θp becomes small and positive ( +3 K). The value of 

the effective moment is in a good agreement with the value of free Nd3+ ion (3.62 

µB), Its reduction may be attributed to CEF phenomena. The high-temperature 

susceptibility of the hydride Nd2Ni2InH7 has a similar dependence, with more 

negative θp = -20 K and slightly higher µeff = 3.62 µB/Nd. 
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Figure 6.59. (a) Temperature dependence of magnetic susceptibility of Nd2Ni2In 

(black empty circles) with its Curie-Weiss fit (red line) and the susceptibility of the 

hydride Nd2Ni2InH7 (green), all measured in the field μ0H = 3 T. (b) Temperature 

dependence of inverse susceptibility showing the same data as in (a) with the hydride 

data marked by the green line. 

 

The low-temperature data prove that a magnetic phase transition appears around T = 

8 K. There were some doubts whether the ground state of Nd2Ni2In is 

antiferromagnetic, as was suggested in Ref. 5. The reason is the field dependence of 

magnetization, which increases fast in low fields, up to 0.3 T, and then saturates (see 

fig. 6.60). Therefore we measured details of the low-temperature part of 

magnetization M(T) in several magnetic fields, with emphasis on the low-field 

situation. 

 

Figure 6.60. Field dependence of magnetization of Nd2Ni2In and the full hydride at T 

= 2 K. The narrow hysteresis loop (hysteresis below 0.04 T) was measured for field 

sweeps up and down. 
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Figure 6.61. Temperature dependence of magnetization measured in various 

magnetic fields upon cooling in the given field. The dashed line indicates the 

position of the phase transition. The data are compared with the magnetization of the 

hydride Nd2Ni2InH7 measured in the field μ0H = 3 T. 

 

Figure 6.62. Magnetization in µB/f.u. (color coded) as a function of temperature and 

magnetic field for Nd2Ni2In.  

 

As seen in fig. 6.61, even very low magnetic fields do not exhibit any cusp, which 

would be characteristic of common antiferromagnetic ordering. Instead a plateau 

appears below the critical temperature (marked by the dashed line in fig. 6.61). The 

plateau extends down to T = 3.5 K and the magnetization in low fields decreases 
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weakly at the low-T end (even if measured in the field-cooled mode). The plateau is 

separated from the paramagnetic Curie-Weiss part by an abrupt change of the slope, 

observable especially in low fields. Increasing field leads to a smearing out this edge, 

which is better seen on fig. 6.62. 

The saturation magnetization value of 3.5-4 µB/mol f.u. is much reduced with respect 

to the f 3 free-ion value 2*3.27 µB = 6.54 µB/f.u. We can simply assume that the 

magnetic moments remain non-collinear in fields of several T. The reason can be 

also magnetocrystalline anisotropy, as magnetization on randomly oriented powder is 

reduced with respect to the easy-magnetization direction one, and the reduction 

depends on the type of multiplicity of easy-magnetization direction. Still another 

reason can be generally Crystal Electric Field reducing individual Nd magnetic 

moments. Neutron diffraction in applied fields is planned to solve the issues of 

magnetization.    

So far powder neutron diffraction experiments (TOF) were performed without 

magnetic field, at temperatures in the paramagnetic (T = 300, 20, 10 K) and ordered 

state (8, 7, 6, and 4 K). Following the analysis of possible magnetic structures in ref. 

18, we assume that Nd magnetic moments are either along the c-axis or within the 

basal plane, along the mirror planes of the {110} type or perpendicular to them. Only 

several magnetic-moment configurations (see fig. 6.63) are actually possible. The 

refinement of neutron diffraction data showed us that as for magnetic moment 

configurations we cannot take into account the results from GSAS (similar R-factors 

for all configurations). So as to decide in which configuration the magnetic moments 

are ordered, we computed magnetic intensities for all configurations (tab. 6.13) and 

compared them with the neutron diffraction intensities.  

The configurations NC2, NC3, and FC can be excluded because they should 

contribute to the pattern at d = 7.4818 Å ((100) reflection), what was not observed. 

On the other hand, we observed magnetic intensity at the d-spacing 3.7409 Å 

contrary to NC1, what excludes also the NC1 configuration (c on the figure). From 

the two remaining configurations (AFC and NC4), NC4 is clearly preferred due to 

the contribution to (101) and (201) reflection (see fig. 6.64). The magnetic structures 

in field remain so far unknown, we can speculate that moments in the ferromagnetic 

state remain non-collinear, following the planes of the {110} type, which gives the 

discrepancy between the size of Nd moments given below and bulk magnetization.  
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 Values of Nd magnetic moments were obtained from the refinement when using 

NC4 magnetic moment configuration including histograms 5 and 7 (40° and 14°).  

The temperature variations of lattice parameters are displayed on fig 6.65. The size 

of the Nd moments comes out as μNd = (2.49 ± 0.05) μB at T = 4 K. The error is only 

the statistical one, in reality we have to expect at least an order of magnitude larger 

error, as usual in powder neutron diffraction. One has to realize that on-site moment 

observed by neutron diffraction still increases below 4 K if the ordering temperature 

equals to ≈ 8 K. The moment at 6 K was obtained as 2.25 μB/Nd, at 7 K then 2.11 

μB/Nd, and at T = 8 K 2.01 μB/Nd (fig. 6.66). The relatively weak decrease of the size 

of Nd moments and the sudden disappearance above 8 K can be consistent with 

suspected 1st order character of the magnetic phase transition, suggested on the basis 

of heat capacity measurements.    

Refining the structure data over a broad temperature scale, it is interesting to observe 

variations of lattice parameters as well as of internal parameters. The reason is that 

some of the U-based intermetallics  exhibit a pronounced anisotropy of thermal 

expansion due to the directionality of U-U bonds [50,43,58] and rather strange lattice 

variations upon cooling were observed for the isostructural U2Pd2Sn [50]. In this 

compound, the variations of xU lead to a noticeable expansion of the U-U distances in 

the basal plane upon cooling. Here we found that Nd2Ni2In behaves rather regularly, 

with both a and c decreasing by 0.32 % from 300 K to 4 K. As seen on fig. 6.65, the 

low temperature data exhibit the variations related to magnetic ordering. It leads to 

the increase of a and decrease of c, amounting to a small positive volume 

magnetostriction  ∆V/V  7*10-4. 
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Figure 6.63. Possible magnetic moment 

configurations for Nd2Ni2In. 

Figure 6.64. TOF neutron spectra of 

Nd2Ni2In in magnetically ordered (T = 4 

K) and paramagnetic (10 K) state. 
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d-spacing (Å) (hkl) NC4 (f) NC1 (c) NC2 (d) NC3 (e) FC (a) AFC (b) 
7.4818 100 0 0 2.449 x 2.449 x 2.449 x 0 
5.2904 110 0 ~0 ~0 0 4.039 0.23 
3.7807 001 0 0 0 0 0 0 
3.7409 200 8.967 ~0 x 0 0 0 3.919 
3.3744 101 3.543 4.276 3.406 4.276 0.454 0 x 
3.3460 210 4.174 1.655 2.248 1.655 0.05 0 x 
3.0760 111 1.78 1.18 1.18 1.18 2.76 0.157 
2.6592 201 3.856 1.908 3.856 1.908 ~0 2.587 
2.6452 220 0 ~0 ~0 0 5.255 1.938 
2.5056 211 2.658 2.266 2.658 2.266 0.561 3.873 
2.4659 310 0.233 4.094 0.233 4.094 0.473 2.546 
Table 6.13. Computed normalized magnetic intensities (Nd moments fixed to 2.25 

μB) - histogram 5 (40° bank), T = 6 K. The mark “x” indicates a major inconsistency 

for a given model. 

 

T (K) a (Å) c (Å) d1Nd-Nd (Å) d2Nd-Nd (Å) Nd moment (µB) 
4 7.4843(4) 3.7806(1) 3.892(2) 3.764(8) 2.49(5) 
6 7.4824(3) 3.7807(1) 3.892(2) 3.769(8) 2.25(4) 
7 7.4824(3) 3.7808(1) 3.894(1) 3.766(3) 2.11(5) 
8 7.4821(4) 3.7808(1) 3.894(1) 3.763(3) 2.01(5) 
10 7.4800(5) 3.7812(3) 3.908(3) 3.769(9) 0 
20 7.4797(6) 3.7824(4) 3.892(1) 3.762(2) 0 
300 7.5047(3) 3.7929(1) 3.905(1) 3.775(1) 0 
Table 6.14. Temperature dependence of lattice parameters, inter-Nd spacing and 

magnetic moments obtained from the neutron diffraction analysis. The spacing d2 is 

the shortest spacing within the basal plane within the Nd-Nd dimer (1 nearest 

neighbor). Other 4 neighbors are in the basal plane at the distance d1. Another Nd 

neighbours are the along c at the distance equal to the lattice parameter c.    
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Figure 6.65. Temperature dependence of 

lattice parameters of Nd2Ni2In obtained 

from the neutron diffraction experiment. 

Figure 6.66. Temperature dependence of 

Nd magnetic moment obtained from the 

neutron diffraction experiment. The 

dashed line indicates possible first order 

transition. 

 

The character of magnetic ordering changes in the hydride. TN of Nd2Ni2InH7, 

which is more regular antiferromagnet (fig. 6.67), is reduced to approximately 3.5 K, 

where a susceptibility maximum appears. Available magnetic field 9 T is not 

sufficient to induce parallel alignment of magnetic moments (fig. 6.67). The 

paramagnetic Curie temperature θp = -20 K, obtained for the hydride with full 

occupancy ( 7 H/f.u.), is lower than the θp of the parent compound, pointing to 

stronger antiferromagnetic interactions. Magnetization of the hydride has a slowly 

saturating tendency without any visible metamagnetic transition. 

 

Figure 6.67. Field dependence of magnetization of Nd2Ni2InH7 at various 

temperatures compared with the data on Nd2Ni2In. 
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Additional information on magnetism can be obtained from the heat-capacity 

measurements. For the measurement in absence of magnetic field one can clearly see 

a striking fact, that the peak related to magnetic ordering does not form any λ-type 

anomaly, expected for the 2nd order magnetic phase transition (at least in the mean-

field case), but there is a concentration of entropy in the temperature range 7.5-8.5 K, 

forming a symmetric peak. In another words, the transition does not happen, see 

from the ordered side, as a culmination of magnetic excitations and divergence of a 

correlation length, but the type of processes in the range 7.5-8.5 K is different from 

those at lower temperatures. We can speculate about a weakly first order transition. 

The entropy in the critical range 7.5-8.5 K tends to decrease in weak magnetic fields, 

and finally the sharp magnetic phase transition in Nd2Ni2In changes its character in 

magnetic field higher than 0.3 T. It starts to broaden and shifts towards higher 

temperatures with further increasing magnetic field (fig. 6.68), being reminiscent of a 

ferromagnet. This is clearly different from the field variations of a generic 

antiferromagnet, at which the ordering temperature decreases with increasing field, 

and eventually disappears, turning the material into a field-aligned paramagnet in 

field exceeding a metamagnetic field. It would be interesting to investigate details of 

the critical behavior on a single crystal. Unfortunately, due to the apparently non-

congruent formation of Nd2Ni2In the methods applied did not yield any macroscopic 

single crystalline material. 

The full magnetic entropy of Nd ion (J = 9/2) is R*ln(10) = 19.14 J/mol K, which 

gives 38.28 J/mol f.u. K2 in our case. Determining the increment of magnetic entropy 

∆Sm from 0 K to T, 
T

TTTCTS
0

111mm
d/)()( , where C m is the magnetic 

contribution to the specific heat, estimated as the difference of C of Nd2Ni2In and 

La2Ni2In, we obtained only about 25% of the full value released up to TN, whereas 

the increase continues to much higher temperatures and only slowly saturates when 

approaching T = 50 K. We assumed that the electronic (γ = 8 mJ/mol f.u. K2) and 

lattice terms remain the same between the La- and the Nd-compound. As moments of 

individual Nd ions fluctuate independently (as proved by the µeff values close to 

theoretical Nd3+ value), the reason can be only in CEF phenomena, which do not 

allow the full multiplet population at low temperatures. An interesting fact is 

revealed by comparing how the magnetic entropy develops in the phase-transition 
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region (figs. 6.69 and 6.70). Relatively weak fields shift a lot of entropy by several 

Kelvin up, testifying a certain magnetocaloric potential, with  ∆S > 5 J/mol f.u. K in 

fields below 1 T. The fact that weak fields change the entropy considerably can be 

related again to the magnetic frustration, making the magnetic order very sensitive.  

In the case of hydride, no sharp anomaly is seen. The low-temperature part is 

dominated by an upturn in C/T with decreasing T, perhaps with a very weak anomaly 

T = 3.5 K superimposed (fig. 6.71). The low-temperature upturn is clearly of 

magnetic origin, as it is suppressed by applied magnetic field (fig. 6.71).  To be more 

specific, we would have to extend the specific-heat measurement into the millikelvin 

range. 

 

Figure 6.68. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for Nd2Ni2In 

measured in various magnetic fields. The 

zero-field data on Nd2Ni2InH7 are 

shown for comparison, as well.  

Figure 6.69. Temperature dependence of 

the specific heat (in the C/T vs. T 

representation) for Nd2Ni2In as 

compared with La2Ni2In. The integrated 

difference curve gives the estimate of the 

magnetic entropy Sm(T), plotted with the 

scale on the right side. 
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Figure 6.70. Detail of the temperature 

dependence of the specific heat (in the C/T 

vs. T representation) for Nd2Ni2In in zero 

field and field variations of magnetic 

entropy Sm(T) in µ0H = 0 T (black line), 

0.2 T (almost identical green line), 0.5 and 

1 T (blue and red line, respectively). The 

specific heat of La2Ni2In is the red line 

and points at the bottom. 

Figure 6.71. Temperature dependence 

of the specific heat (in the C/T vs. T 

representation) for Nd2Ni2InH7 

obtained in various magnetic fields.  

 

 

Discussing the type of magnetic phase transition, temperature dependence of 

electrical resistivity, ρ(T), can be helpful, as well. As seen from fig. 6.72, resistivity 

appears as a precipitous drop at 8.0 K.  Below T = 6 K, the ρ(T) curve is rather flat, 

i.e. with low spin-disorder scattering. Such situation may be indeed attributed to the 

first-order magnetic phase transition, appearing suddenly without any divergence of 

the correlation length of magnetic excitations. With increasing magnetic field, the 

resistivity does not exhibit any increase in conjunction with the AF ordering. The 

lack of the superzone boundary gapping effect is in line with the magnetic unit cell 

being equivalent to the crystallographic one, i.e. that the AF coupling takes place 

only within the crystallographic unit cell.  

The comparison of electrical resistivity, specific heat and magnetization in low 

magnetic fields for the range around the phase transition is seen in fig. 6.73. The 

sharpness of the transition indeed points to the first-order character with critical 

temperature between 8.0 and 8.5 K.    
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Figure 6.72.  Temperature dependence of resistivity for Nd2Ni2In obtained in various 

magnetic fields.  

 

Figure 6.73. The comparison of electrical resistivity, specific heat and magnetization 

of Nd2Ni2In in μ0H = 0.1 T for the range around the phase transition. 
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6.3.2. RE2Pd2In 

 

6.3.2.1. La2Pd2In 

 

The ingot synthesized in mono-arc furnace was used for the hydrogenation, which 

was carried out at room temperature and the H2 pressures of 1 bar, 10 bar, and 100 

bar. Prior to the hydrogenation the ingots were crushed into sub-millimeter particles 

and activated in a dynamic vacuum (5·10-6 mbar) by heating to 250 ºC for 2 hours. 

After cooling to the room temperature the crushed polycrystal was exposed to the H2 

gas at a given pressure for at least 24 hours. Hydrogen content was determined by the 

measuring the pressure drop in the reaction chamber (error bar approx. 1%) during 

absorption as well as from the weight change during the hydrogenation  (error bar 

approx. 10%). The difference between the number of the H atoms per formula unit 

(H at./f.u.) given by the two methods was within 10%. The samples synthesized at 1 

bar were subsequently cycled in the H2 atmosphere by heating up to 200 ºC at the 

rate of 3 ºC/min, holding at the elevated temperature and then cooling back at the 

same temperature rate.  

 

La2Pd2In absorbs hydrogen already at the pressure of 1 bar and the hydrogen content 

achieved at this pressure is xH2 = 1.50.2 H atoms per formula unit. The Rietveld 

refinement of the X-ray pattern of La2Pd2InHx has revealed that despite the cycling in 

the H2 atmosphere up to 200 ºC, a non-negligible amount of the parent intermetallic 

was still present (16%) (tab. 6.15). The hydrogen content xH2 = 1.50.2 H atoms/f.u. 

was calculated from the pressure drop and the weight change during hydrogenation 

taking into account the presence of the residual La2Pd2In phase. The diffraction lines 

from both La2Pd2In and La2Pd2InH1.5 can be clearly distinguished indicating that the 

material consists of the two distinct phases (fig.6.74). 
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Figure 6.74. Rietveld refinement of the 

powder X-ray pattern of La2Pd2InH1.5. 

The highest (211) peak is truncated by 

figure frame. The inset shows the low-

angle detail of the XRD pattern with the 

peaks due to La2Pd2InH1.5 and La2Pd2In. 

The upper row of the markers indicates 

the diffraction peaks from the parent 

compound and the lower one – from the 

hydride. 

 

 a (Å) c (Å) V (Å3) ∆V/V (%) 
La2Pd2In 7.865 3.970 245.5 - 
La2Pd2InHx 7.866 

8.041 
3.969 
4.025 

245.6 
260.2 

- 
6.0 

Table 6.15. Crystal structure parameters of La2Pd2In and the hydride prepared in the 

H2 pressure of 1 bar. 

 

The hydrogenation at room temperature and the higher pressures of 10 bar and 100 

bar, have produced an amorphous material with no traces of a crystalline phase (fig. 

6.75). The estimated hydrogen content in the high-pressure phases was 4 and 4.7 H 

atoms per formula unit for the synthesis pressures of 10 bar and 100 bar, 

respectively. 

Figure 6.75. XRD pattern of hydride synthesized at 10 bar (left) and 100 bar (right). 

 

So as to corroborate the results of hydrogen content from pressure drop and weight 

change, La2Pd2InHx samples were subjected to desorption by heating them up in an 

evacuated reactor at the rate of 3 ºC/min up to 750 ºC. The desorption experiments 
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were performed in 2 runs. At each run the sample was heated up to 750 ºC in 

vacuum, then the reactor was disconnected from the rest of the hydrogenation 

apparatus and cooled down. The pressure of the released hydrogen was used to 

determine the composition of the sample, after which the released gas was pumped 

out and the whole procedure was repeated.  

 

The desorption from La2Pd2InHx takes place in several distinct stages. The steps on 

the desorption curves can be caused by the sequential desorption from various H 

positions. More positions than La3Pd (similar to U3T in U2T2X) have to be occupied 

as there are (4+δ) H/f.u.. Presence of more positions allows sequential desorption. 

The curves for amorphous hydrides have similar shape (fig. 6.76 and 6.77). In the 

case of 1 bar-hydride, the pressure evolution with increasing temperature is different 

(fig. 6.78). We can assume that the pressure decrease above T = 406 °C is associated 

with the decomposition of this hydride. Usually a simpler than a quaternary hydride 

can accommodate more hydrogen at the given pressure (30 mbar H2 in this case), and 

the higher temperature stimulates the transformation. However, after additional 

temperature increase even the simpler hydride loses hydrogen and the compound can 

recombine again. Such scenario is supported by the comparison of the decomposition 

curves obtained during the first and the second runs, namely the re-absorption (and 

hence the decomposition) does not occur during the second run when the actual H2 

pressure is slightly below 10 mbar. During the desorption of 10 bar- and 100 bar-

hydrides the decomposition can also occur even thought the pressure does not 

decrease when heating the sample. The kinetics of this process can be slower that the 

temperature change. The decomposition–recombination scenario is supported by the 

presence of a substantial amount (20%) of impurity phases (mainly LaPdIn) in 

La2Pd2In obtained by dehydrogenating both the amorphous La2Pd2InH4+δ and the 

crystalline La2Pd2InH1.5 hydrides, while the amount of LaPdIn in the starting 

material was on the verge of detection by X-rays, e.g. 3-5%.  
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Figure 6.76. The record of development 

of temperature and pressure during the 

desorption experiment performed on 

hydride synthesized at 10 bar. 

Figure 6.77. The record of development 

of temperature and pressure during the 

desorption experiment performed on 

hydride synthesized at 100 bar. 

 

 

Figure 6.78a. The record of 

development of temperature and 

pressure during the first step of 

desorption experiment performed on 

hydride synthesized at 1 bar. 

Figure 6.78b. The record of development 

of temperature and pressure during the 

second step of desorption experiment 

performed on hydride synthesized at 1 

bar. 

 

 

The specific heat measurements were performed on polycrystalline sample using the 

PPMS measuring system in the temperature range 2 - 300 K (fig. 6.79). We 

determined the value of the Sommerfeld coefficient γ using the relation 

C = T + βT 3, 

known as a low temperature approximation for the Debye specific heat accounting 

for phonon specific heat term. We obtained the parameters  = 8.1 mJ/mol.K2 and β 

= 1.31 mJ/mol.K4 (corresponding to Debye temperature ΘD = 115 K). 
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Figure 6.79. Specific heat in C vs. T representation (left panel) and low temperature 

fit of specific heat (right panel) of La2Pd2In. 

 

Since the crystalline La2Pd2InH1.5 sample consisted of the mixture of the La2Pd2In 

and La2Pd2InH1.5 phases the Sommerfeld coefficient could not be evaluated reliably. 

 

6.3.2.2. Lu2Pd2In  

 

Lu2Pd2In was synthesized as non-magnetic precursor for RE2Pd2In compounds with 

heavy RE. It crystallizes in Mo2FeB2 structure type with the lattice parameters 

a = 7.602 Å and c = 3.587 Å. 

 

The synthesized ingot was used for the hydrogenation, which was carried out at H2 

pressure of 100 bar. Prior to the hydrogenation the bulk sample was crushed into sub-

millimeter particles and activated in a dynamic vacuum (5·10-6 mbar) by heating to 

250 ºC for 2 hours. After cooling to the room temperature the crushed polycrystal 

was exposed to the H2 gas at a given pressure. After the exposure to 100 bar at room 

temperature, the sample was heated up to 250 ºC and subsequently cooled down to 

room temperature at 0.3 ºC/min. So as to promote the absorption the sample was 

again heated up, this time up to 500 ºC with subsequent cooling with the cooling rate 

0.5 ºC/min. After the hydrogenation was finished it was passivated by N2 gas so as to 

prevent spontaneous desorption of hydrogen. 

 

The XRD showed that upon hydrogenation the Lu2Pd2In compound is decomposed 

to LuPd2In and Lu. As the positions of diffraction peaks are slightly shifted from 
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their positions expected for pure compounds, the obtained phases are most probably 

not pure LuPd2In and Lu but their hydrides. 

So as to find the amount of absorbed hydrogen, we performed controlled 

temperature-induced desorption experiment (fig. 6.80) on the hydride, which was 

placed in an evacuated calibrated volume and heated up to 750 ºC using a constant 

heating rate 2 K/min. From the pressure increment the amount of released hydrogen 

was calculated as 2.42 H/f.u. After the desorption LuPd2In and Lu recombine back 

forming Lu2Pd2In. 

 

Figure 6.80. The record of development of temperature and pressure during the 

desorption experiment performed on Lu2Pd2In-H. 

 

The specific heat measurement was performed on polycrystalline sample using the 

PPMS measuring system in the temperature range 2 - 300 K. We determined the 

value of the Sommerfeld coefficient as  ≈ 5 mJ/mol.K2. 

 

6.3.2.3. Nd2Pd2In  

 

Nd2Pd2In crystallizes in Mo2FeB2 structure type with the lattice parameters 

a = 7.7578(4) Å and c = 3.8529(3) Å. 

 

The studies of magnetic properties for Nd2Pd2In were performed using PPMS in the 

temperature range 2 – 300 K and fields up to 14 T. Magnetic properties of Nd2Pd2In 

were already studied before [35,59]. Nd2Pd2In is known to be antiferromagnet with 

Néel temperature TN = 7.5 K. The value obtained in this work corresponds well to the 

reported data. Magnetic susceptibility curve has a standard antiferromagnetic 
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character in low magnetic fields (fig. 6.81). The data follow the Curie-Weiss law 

with parameters µeff = 3.48 µB/Nd and θp = -3.7 K. This character changes with 

increasing magnetic field and at μ0H = 3 T it resembles ferromagnetic curve. This 

behavior is corroborated by magnetization data where metamagnetic transition is 

clearly visible above μ0H = 2 T (fig. 6.82). This transition is smeared out with 

increasing temperature.  

Figure 6.81. Temperature dependence of 

magnetic susceptibility of Nd2Pd2In 

measured in various magnetic fields. 

Figure 6.82. Magnetization curves of 

Nd2Pd2In measured at various 

temperatures. 

 

 

Because of these interesting magnetic properties we have decided to prepare single-

crystalline sample. We have successfully prepared single crystal despite incongruent 

melting of the compound. 

 

Magnetic measurements along principal crystallographic directions show large 

magnetic anisotropy with c-axis being the easy axis of magnetization (fig. 6.83). 

Compared to polycrystal, magnetization curve obtained on single-crystalline sample 

with magnetic field applied along c-axis clearly shows at least 2 metamagnetic 

transitions (μ0H = 1.5 T and μ0H = 1.9 T) (fig. 6.84). Another 2 transitions visible 

above 2 T and also on the data measured in the basal plane (along a-axis) in even 

higher fields (fig. 6.83) may be also ascribed to another slightly misoriented grain. 

With increasing temperature the transition in lower field broadens and shifts to lower 

fields and finally disappears above 7 K while the transition at μ0H = 1.9 T disappears 

much faster. The presence of metamagnetic transitions is corroborated by the 

temperature dependence of magnetic susceptibility. Its standard antiferromagnetic 
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shape changes with increasing magnetic field resembling ferromagnet in applied 

magnetic field μ0H = 2 T (fig. 6.85).  

Figure 6.83. Magnetization curves of 

Nd2Pd2In measured along principal 

crystallographic directions. 

Figure 6.84. Magnetization curves of 

Nd2Pd2In along c-axis measured at 

various temperatures. 

 

Figure 6.85. Temperature dependence of magnetic susceptibility of Nd2Pd2In 

measured in various magnetic fields along the c-axis. 

 

The polycrystalline sample was used as a starting material for the hydrogenation, 

which was carried out at H2 pressure of 100 bar. Prior to the hydrogenation the bulk 

sample was crushed into sub-millimeter particles and the standard procedure of 

activation was performed. After the exposure to 100 bar at room temperature, the 

sample was heated up to 200 ºC. After 4 hours at this temperature it was fast cooled 

down to room temperature and heated up to 250 ºC where it was hold for 12 hours. 

Finally it was cooled to room temperature with the cooling rate 0.5 ºC/min. After the 

hydrogenation was finished the sample was passivated by N2 gas so as to prevent 

spontaneous desorption of hydrogen. From the weight change the amount of 

absorbed hydrogen was calculated as 5 H/f.u. The X-ray diffraction showed that the 
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sample is partially amorphous (fig. 6.86 and 6.87). The hydrogenation leads to the 

lattice expansion. The crystal structure parameters are summarized in the table 6.16. 

Both lattice parameters a and c expand upon hydrogenation leading to the lattice 

expansion of approx. 9.3 %. 

Figure 6.86. XRD pattern of Nd2Pd2In 

compared with its hydride. 

Figure 6.87. XRD pattern of Nd2Pd2In 

compared with its hydride (zoom). 

 

 Nd2Pd2In Nd2Pd2InHx 
a (Å) 7.7578(4) 7.9377(8) 
c (Å) 3.8529(3) 4.0236(9) 
V (Å3) 231.9  253.5 
∆a/a (%) - 2.3 
∆c/c (%) - 4.4 
∆V/V (%) - 9.3 
Table 6.16. Structure parameters of Nd2Pd2In and its hydride. Lattice parameters a 

and c, unit cell volume V, relative lattice expansion along a direction ∆a/a, along c 

direction ∆c/c and relative volume expansion ∆V/V are given. 

 

The formation of the hydride Nd2Pd2In-H is accompanied by changes of the 

magnetic properties. The metamagnetic transitions seen on magnetization curves are 

not present or they are smeared out (fig. 6.88). Magnetic susceptibility of Nd2Pd2In-

H in the paramagnetic range can be fitted by the Curie-Weiss dependence with the 

effective moment µeff = 3.55 µB/Nd and the paramagnetic Curie temperature θP = -

24.2 K. The effective magnetic moment for the hydride is higher than the one 

obtained for parent compound but it is still lower than the calculated value for the 

free ion (3.62 µB/Nd3+). 
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Figure 6.88. Field dependence of magnetization of Nd2Pd2In compared with its 

hydride. 

 

Figure 6.89. Magnetic susceptibility of 

Nd2Pd2In measured in µ0H = 0.5 T 

compared with its hydride. 

Figure 6.90. Magnetic susceptibility of 

Nd2Pd2In measured in various magnetic 

fields compared with its hydride. 

 

The specific heat measurement was performed on polycrystalline sample using the 

PPMS measuring system in the temperature range 2 - 300 K. Magnetic transition is 

visible on C/T vs. T plot as typical λ-type anomaly (fig. 6.91). This anomaly is 

shifted to lower temperatures for the hydride, below the active range of measurement 

i.e. below 1.8 K. 
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Figure 6.91. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for Nd2Pd2In 

compared with the hydride. 

 

6.3.2.4. Gd2Pd2In 

 

The polycrystalline sample was used as a starting material for the hydrogenation, 

which was carried out at H2 pressure of 65 bar. Prior to the hydrogenation the bulk 

sample was crushed into sub-millimeter particles and the standard procedure of 

activation was performed. After the exposure to 65 bar at room temperature, the 

sample was heated up to 200 ºC. After 12 hours at this temperature it was heated up 

to 250 ºC and subsequently cooled to room temperature with the cooling rate 0.1 

ºC/min. After the hydrogenation was finished it was passivated by N2 gas so as to 

prevent spontaneous desorption of hydrogen. The amount of absorbed hydrogen was 

found to be 1.2 H/f.u. 

 

The X-ray diffraction experiment showed that the crystal structure type is not 

changed upon hydrogenation. Hydrogen absorption only leads to anisotropic lattice 

expansion by 5.5 %.  The hydride crystallizes with lattice parameters given in the 

table 6.17. 

 Gd2Pd2In Gd2Pd2InH1.2 
a (Å) 7.6841(4) 7.7390(20) 
c (Å) 3.7549(3) 3.9060(10) 
V (Å3) 221.71  233.94 
∆a/a (%) - 0.71 
∆c/c (%) - 4.0 
∆V/V (%) - 5.5 
Table 6.17. Structure parameters of Gd2Pd2In and its hydride. Lattice parameters a 

and c, unit cell volume V, relative lattice expansion along a direction ∆a/a, along c 

direction ∆c/c and relative volume expansion ∆V/V are given. 

 

The studies of magnetic properties for Gd2Pd2In were performed using PPMS in the 

temperature range 2 – 300 K and fields up to 9 T. Magnetic properties of Gd2Pd2In 
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were already studied [35,62]. Gd2Pd2In is known to be antiferromagnet with Néel 

temperature TN = 21 K. The value obtained in this work corresponds well to the 

reported data. Moreover we have observed another transition around 11 K (fig. 6.92). 

The temperature dependence of magnetic susceptibility follows in the paramagnetic 

range the Curie-Weiss law with parameters µeff = 7.8 µB/Gd and θp = 4.5 K. The 

obtained effective moment is slightly lower that the value for free ion (7.94 µB/Gd3+). 

The field dependence of magnetization shows possible metamagnetic transition 

around µ0H = 3 T (fig. 6.93). To make clear this statement the measurement on 

single crystal would be necessary. Unfortunately we were not successful in preparing 

the single crystal of this compound. 

 

Figure 6.92. Magnetic susceptibility of 

Gd2Pd2In measured in magnetic field 

µ0H = 1 T. 

Figure 6.93. Magnetization curves of 

Gd2Pd2In obtained at various 

temperatures. 

 

The Néel temperature decreases to approx. 9 K upon hydrogenation. The temperature 

dependence of magnetic susceptibility (fig. 6.94) follows in the paramagnetic range 

the Curie-Weiss law with the same parameters as parent compound (µeff = 7.8 µB/Gd 

and θp = 4.5 K). At low temperature the magnetization is much higher than in the 

parent compound (fig. 6.95). 
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Figure 6.94. Magnetic susceptibility of 

Gd2Pd2In compared with its hydride. 

Figure 6.95. Magnetization curves of 

Gd2Pd2In compared with its hydride. 

 

The results of magnetic measurements are corroborated by the specific heat data. The 

temperature dependence of specific heat of Gd2Pd2In clearly shows 2 peaks (fig. 

6.96). The peak at higher temperature (TN = 21 K) corresponding to the 

antiferromagnetic order shifts to lower temperatures with increasing magnetic field. 

Second peak at lower temperatures connected with another magnetic transition does 

not move with increasing magnetic field, only the entropy connected with this 

transition tends to decrease.  

Figure 6.96. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for Nd2Pd2In. 

Figure 6.97. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for 

Nd2Pd2InH1.2. 
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Figure 6.98. Detail of the temperature dependence of the specific heat (in the C/T vs. 

T representation) for Nd2Pd2In compared with its hydride. 

 

6.3.2.5. Tb2Pd2In 

 

A polycrystalline sample of Tb2Pd2In was prepared by arc melting of stoichiometric 

amounts of the elemental constituents. The Rietveld analysis of the powder X-ray 

diffraction pattern has confirmed that the crystal structure of Tb2Pd2In is of the 

Mo2FeB2-structure type (space group P4/mbm). Obtained lattice parameters and 

atomic positions are in a good agreement with those reported in [59] (tab. 6.18). We 

can also compare the lattice parameters with slightly non-stoichiometric samples 

reported in [60]. They are in a good agreement showing that our sample is probably 

closer to the ideal composition 2-2-1 compared to compounds reported there. 

 

 Tb2Pd2In [59] Tb2Pd2In 
a (Å) 7.6632(2) 7.6728(2) 
c (Å) 3.7239(1) 3.7188(1) 
V (Å3) 218.7 218.9 
Table 6.18. Crystal lattice parameters of our Tb2Pd2In samples in comparison with 

those reported in [59]. 

 

First we have studied magnetization and magnetic susceptibility of polycrystalline 

Tb2Pd2In in low-temperature region and in applied magnetic fields up to 14 T. 

Temperature dependences of the magnetic susceptibility exhibit a maximum 

indicating an antiferromagnetic ordering at about TN = 33 K, which shifts to lower 

temperatures with increasing magnetic field (fig. 6.99), quite in agreement with [59]. 
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The different behavior of the 14 T-dependence suggests, assuming random 

orientation of the crystallites, that part of the sample is already above the 

metamagnetic transition.  

 

Figure 6.99. Magnetic susceptibility of polycrystalline Tb2Pd2In in selected magnetic 

fields. 

 

Quasi-static magnetization measurements using a Quantum Design PPMS 

magnetometer revealed at least three metamagnetic transitions on the magnetization 

curve of polycrystalline Tb2Pd2In up to 14 T (fig. 6.100). The transition fields have 

been determined as the positions of maxima of dM/dH at T = 2 K, which yields: 

μ0Hc1 = 6.5 T, μ0Hc2 = 9.3 T, and μ0Hc3 = 13.3 T. One has to note that the 

polycrystalline magnetization curve can reflect transitions of individual grains, which 

are projected into the field-direction. As the M(H) curves do not show any tendency 

to saturation even at μ0H = 14 T, we have extended the field range using the pulse-

field magnet of the high-field facility at Rossendorf (fig. 6.101). No additional 

metamagnetic transitions were found in fields between 14 and 60 T.  
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Figure 6.100. Magnetization curves of 

polycrystalline Tb2Pd2In at selected 

temperatures from 2 K to 25 K. 

Figure 6.101. Magnetization curve of 

polycrystalline Tb2Pd2In at T = 4.2 K in 

the pulse magnetic field. 

 

The ambiguous results from the polycrystalline sample, together with expected large 

magnetocrystalline anisotropy, have encouraged us to attempt, despite an 

incongruent formation, a single-crystal growth. Using the Czochralski pulling 

technique we have succeeded to grow good quality single crystal of Tb2Pd2In by 

means of a tri-arc furnace. Its stoichiometry will be similar to the polycrystalline 

sample so as the lattice parameters (a = 7.686(3) Å and c = 3.717(1) Å) are quite 

similar. The grown crystal was then oriented using Laue method and shaped for 

further measurements. Magnetic properties were then studied applying the magnetic 

field along [100] (= a-axis), [110], and [001] (= c-axis) crystallographic directions, 

respectively. 

 

The temperature dependence of magnetic susceptibility has confirmed the expected 

high magneto-crystalline anisotropy in the whole temperature range with the c-axis 

as an easy axis of magnetization. The dependences of the inverse magnetic 

susceptibility (fig. 6.102) along a- and c- axes are parallel to each other and above 60 

K they can be described by the Curie-Weiss law, yielding paramagnetic Curie 

temperatures θpa =  46 K and θpc = 3 K, respectively, and the effective magnetic 

moment μeff = 10.54 μB/Tb. This value is higher than the theoretical one of 9.72 

μB/Tb3+. We will discuss possible reasons in the section 6.3.2.6 (Dy2Pd2In). 
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Figure 6.102. Temperature dependences of inverse magnetic susceptibility of 

Tb2Pd2In along the principal crystallographic axes in magnetic field μ0H = 2 T. The 

lines represent the C-W fits with parameters mentioned in the text. 

 

The measurement in low fields also revealed second magnetic transition below 6 K 

(fig. 6.103) in all crystallographic directions. This transition shifts to lower 

temperatures with increasing magnetic field and finally disappears below 0.1 T. Even 

though the sample was cooled down in zero field, the value of magnetic 

susceptibility at low temperatures is negative which is most probably caused by 

remanent magnetic field in PPMS equipment during cooling. The changes of the 

shape of susceptibility curves with increasing magnetic field point to presence of 

metamagnetic transitions. This result is corroborated by the shape of the field 

dependence of magnetization. 
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Figure 6.103. Temperature dependences of magnetic susceptibility of Tb2Pd2In along 

the principal crystallographic axes. 

    

Magnetization curves taken at 2 K (fig. 6.104) confirm the high magnetocrystalline 

anisotropy of Tb2Pd2In even within the basal plane of the tetragonal structure. The 

easy-axis magnetization curve exhibits two metamagnetic transitions (probably spin-

flip type) yielding saturated magnetization 19.1 μB/f.u., slightly less than the full 

theoretical moment. The magnetization curve along the crystallographic a-axis 

exhibits surprisingly also a spin-flip transition at about 13 T.  Such behavior, together 

with rather large hysteresis of the metamagnetic transition in a, resembles that 

observed on TbCu2 [61], which was connected with higher order crystal-field terms 

significantly contributing to the magnetocrystalline anisotropy. The magnetization 

above the transition reaches about 2/3 of the maximum saturated value, indicating 

another probable transition in higher fields. The critical field of the first-order 

transition for H//a decreases with the increasing temperature. Also its shape changes 

reaching the same shape as found in the c-direction (2 broad transitions), at approx. 

T = 25 K (fig. 6.104). The magnetization curve along the [110] direction, which is 

probably the hard axis of magnetization, does not exhibit any metamagnetic behavior 

in available fields. Nevertheless, taking into account projection from the a-axis in the 

basal plane, such transition can be expected in higher fields. 
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Figure 6.104. Magnetization curves of Tb2Pd2In measured along principal 

crystallographic axes at selected temperatures. 
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Weak positive θp of Tb2Pd2In for the susceptibility along c-axis indicates 

ferromagnetic interactions between certain nearest Tb-neighbors. The difference to 

θp for field along a, which is about 50 K, gives the estimate of the energy of 

magnetocrystalline anisotropy. The magnetization plateau at 50% of the saturated 

magnetization (H//c) indicates a possible link to compounds like TmB4, for which 

various solutions of the Shastry-Sutherland lattice were attempted [62,63]. To clarify 

this, a detailed neutron diffraction study on single crystal in magnetic fields should 

be performed. 

 

So as to prove the presence of expected metamagnetic transition along [110] 

direction we have extended the field range using the pulse-field magnet of the high-

field facility at Rossendorf (fig. 6.105 ). The measurement revealed proposed 

metamagnetic transition along [110] direction at approx. μ0H = 15 T. 

 

Figure 6.105. Magnetization curves of Tb2Pd2In measured along principal 

crystallographic axes in pulsed magnetic field. 

 

The polycrystalline sample was used as a starting material for the hydrogenation, 

which was carried out at H2 pressure of 61.5 bar. Prior to the hydrogenation the bulk 

sample was crushed into sub-millimeter particles and the standard procedure of 



126 
 

activation was performed. After the exposure to 61.5 bar at room temperature, the 

sample was heated up to 200 ºC. After 12 hours at this temperature it was cooled 

down to room temperature at 1 ºC/min and heated up to 250 ºC where it was hold for 

1 hour. Finally it was cooled to room temperature with the cooling rate 5 ºC/min. 

After the hydrogenation was finished it was passivated by N2 gas so as to prevent 

spontaneous desorption of hydrogen. The composition was derived from the 

desorption experiment as (1.3±0.2) H/f.u. 

 

 Tb2Pd2In Tb2Pd2InH1.3 
a (Å) 7.6728(2) 7.6647(3) 
c (Å) 3.7188(1) 3.8766(2) 
V (Å3) 218.9 227.7 
∆a/a (%) - -0.1 
∆c/c (%) - 4.2 
∆V/V (%) - 4.0 
Table 6.19. Structure parameters of Tb2Pd2In and its hydride. Lattice parameters a 

and c, unit cell volume V, relative lattice expansion along a direction ∆a/a, along c 

direction ∆c/c and relative volume expansion ∆V/V are given. 

 

According to the results of the X-ray refinement, the Tb2Pd2InH1.3 hydride preserves 

the lattice symmetry of the parent intermetallic despite the ΔV/V = +4.0% volume 

increase (tab. 6.19). This increase has pronounced anisotropy: it happens exclusively 

due to the expansion along the c-axis (Δc/c = +4.2%) while the a-axis slightly 

contracts (Δa/a = -0.1%).  

 

The formation of the hydride Tb2Pd2InH1.3 is accompanied by changes of the 

magnetic properties. The ordering temperature decreases from TN = 33 K in Tb2Pd2In 

to TN = 12 K in Tb2Pd2InH1.3. Also an additional transition appears in the hydride at 

T1 = 4 K where the susceptibility curve has a maximum (fig. 6.107).  
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Figure 6.106. Temperature dependences 

of magnetic susceptibility of Tb2Pd2InH1.3 

measured in various magnetic fields. 

Figure 6.107. Temperature dependences 

of magnetic susceptibility of 

Tb2Pd2InH1.3 measured in μ0H = 0.1 T in 

zero field cooled (ZFC) and field cooled 

(FC) mode. 

 

The metamagnetic transitions seen on magnetization curve in the parent compound 

are not present in the hydride or they are smeared out (fig. 6.109). Magnetic 

susceptibility of Tb2Pd2InH1.3 (fig. 6.108) in the paramagnetic range can be described 

by the Curie-Weiss dependence with the effective moment μeff = 10.49 μB/Tb and the 

paramagnetic Curie temperature θP = -5.2 K. This value is higher than the theoretical 

one of 9.72 μB/Tb3+ similarly to the parent compound. 

Figure 6.108. Temperature dependence of 

inverse magnetic susceptibility of 

Tb2Pd2In compared with its hydride. 

Figure 6.109. Field dependence of 

magnetization of Tb2Pd2In compared 

with its hydride. 

 

The specific heat measurement was performed both on single-crystal sample and on 

polycrystal in the case of parent compound and on pressed powder for the hydride 
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using the PPMS measuring system in the temperature range 2 - 300 K. When 

comparing the data obtained on single crystal with the polycrystalline sample we can 

see that the ordering temperature is shifted to lower temperature (fig. 6.110). This 

can be attributed to slightly different stoichiometry of the sample. The specific heat 

of the single crystal shows an upturn at low temperatures. We have extended the 

measurement to lower temperatures using 3He insert into PPMS (fig. 6.111). This 

measurement confirmed that the upturn is actually the nuclear contribution observed 

in other Tb compounds [64]. 

 

Figure 6.110. Detail of the temperature 

dependence of the specific heat (in the C/T 

vs. T representation) for Tb2Pd2In single 

crystal compared with the polycrystalline 

sample. 

Figure 6.111. Detail of the 

temperature dependence of the 

specific heat (in the C/T vs. T 

representation) for Tb2Pd2In single 

crystal. 

 

 

Figure 6.112. Detail of the temperature dependence of the specific heat (in the C/T 

vs. T representation) for Tb2Pd2In compared with its hydride. 
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6.3.2.6. Dy2Pd2In  

 

Dy2Pd2In crystallizes in Mo2FeB2 structure type with the lattice parameters 

a = 7.6592(4) Å and c = 3.6904(2) Å. 

 

The studies of magnetic properties for Dy2Pd2In were performed using PPMS in the 

temperature range 2 – 300 K and fields up to 14 T. Dy2Pd2In is known to be 

antiferromagnet with Néel temperature TN = 12 K [59]. The value obtained in this 

work corresponds well to the reported data. Magnetic susceptibility curve has 

standard antiferromagnetic character (fig. 6.113). The data follow the Curie-Weiss 

law with parameters µeff = 10.4 µB/Dy and θp = -13 K. Magnetization curve shows 

several metamagnetic transitions which are smeared out with increasing temperature 

(fig. 6.114).  

 

Figure 6.113. Temperature dependence of 

magnetic susceptibility of Dy2Pd2In 

measured in magnetic field µ0H = 1 T. 

Figure 6.114. Magnetization curves of 

Dy2Pd2In measured at various 

temperatures. 

 

 

Because of these interesting magnetic properties we have decided to prepare single 

crystal. We have successfully prepared single crystal despite incongruent melting of 

the compound. 

 

The temperature dependence of magnetic susceptibility shows 2 magnetic transitions 

in low magnetic fields (fig. 6.115). The lower one disappears in magnetic fields 

below µ0H = 0.1 T similarly as in Tb2Pd2In.  
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Figure 6.115. Temperature dependence of magnetic susceptibility of Dy2Pd2In 

measured in low magnetic fields applied along c-axis. 

 

The temperature dependence of magnetic susceptibility has confirmed the expected 

high magneto-crystalline anisotropy in the whole temperature range with the c-axis 

as an easy axis of magnetization (fig. 6.116). The temperature dependence of 

magnetic susceptibility can be described by the Curie-Weiss law, yielding effective 

magnetic moment μeff = 12.1 μB/Dy. This value is much higher that the theoretical 

one for free Dy ion (10.65 μB/Dy3+). There are several possible explanations. The 

first is the presence of magnetic moment on Pd. But it would lead to too high value 

of effective moment on Pd (5.7 μB/Pd). Another explanation could be the possibility 

of nonstoichiometry as was found for Tb- and Ho- samples in [63]. When fitting the 

susceptibility to C-W behavior, we have also tried to assume that the sample is 

nonstoichiometric. Using formula unit Dy2.1Pd1.8In0.9 leads to effective magnetic 

moment 11.7 μB/Dy, what is still too high. The nonstoichiometry cannot be higher 

than the one we have tried when fitting to C-W as was proved by EDX analysis. 

Another possible reason for such high effective moment can be the crystal-field 

effect.  

Magnetization curves taken at 2 K (fig. 6.117) confirm the high magnetocrystalline 

anisotropy of Dy2Pd2In even within the basal plane of the tetragonal structure. The 

easy-axis magnetization curve exhibits 2 metamagnetic transitions. The 

magnetization curve along the c-axis does not show any tendency to saturation. We 

can speculate about possible third metamagnetic transition above highest available 

magnetic field 14 T. To confirm or disprove this possibility we have undertaken the 

measurements in higher pulsed magnetic fields (fig. 6.118). The results of these 
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measurements show that third metamagnetic transition does not occur; instead the 

magnetization slowly increases to the full theoretical moment. 

Figure 6.116. Temperature dependence 

of magnetic susceptibility of Dy2Pd2In 

measured in magnetic field µ0H = 6 T 

applied along principal crystallographic 

directions. 

Figure 6.117. Magnetization curves of 

Dy2Pd2In measured along principal 

crystallographic directions. 

 

 

Figure 6.118. Magnetization curves of Dy2Pd2In measured along principal 

crystallographic directions in high pulsed magnetic field. 

 

The polycrystalline sample was used as a starting material for the hydrogenation, 

which was carried out at H2 pressure of 80 bar. Prior to the hydrogenation the bulk 

sample was crushed into sub-millimeter particles and the standard procedure of 

activation was performed. After the exposure to 80 bar at room temperature, the 

sample was heated up to 200 ºC. After 12 hours at this temperature it was cooled 

down to room temperature at 1 ºC/min and subsequently heated up to 250 ºC where it 

was hold for 1 hour. Finally it was cooled to room temperature with the cooling rate 

5 ºC/min. After the hydrogenation was finished it was passivated by N2 gas so as to 
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prevent spontaneous desorption of hydrogen. From the weight change the amount of 

absorbed hydrogen was calculated as (1.7±0.2) H/f.u. The composition was also 

derived from the desorption experiment as (1.4±0.2) H/f.u.. The X-ray diffraction 

showed that the crystal structure in not changed upon hydrogenation. It only leads to 

the lattice expansion of approx. 3.7 %. The structural parameters are given in the 

table 6.20. 

 

 Dy2Pd2In Dy2Pd2InH1.7 
a (Å) 7.6592(4) 7.6320(10) 
c (Å) 3.6904(2) 3.8559(7) 
V (Å3) 216.4912  224.5962 
∆a/a (%) - -0.36 
∆c/c (%) - 4.5 
∆V/V (%) - 3.7 
Table 6.20. Structure parameters of Dy2Pd2In and its hydride. Lattice parameters a 

and c, unit cell volume V, relative lattice expansion along a direction ∆a/a, along c 

direction ∆c/c and relative volume expansion ∆V/V are given. 

 

The formation of the hydride Dy2Pd2InH1.7±0.2 is accompanied by changes of the 

magnetic properties (fig. 6.119). The metamagnetic transitions seen on magnetization 

curves are not present or they are smeared out (fig. 6.120). The Néel temperature 

decreases to TN ≈ 5 K. Magnetic susceptibility of Dy2Pd2In-H in the paramagnetic 

range can be described by the Curie-Weiss dependence with the effective moment 

μeff = 11.1 μB/Dy and the paramagnetic Curie temperature θP = -8 K. This value is 

higher than the theoretical one of 10.65 μB/Dy3+. 

 

Figure 6.119. Temperature dependence of 

magnetic susceptibility of Dy2Pd2In 

compared with its hydride. 

Figure 6.120. Magnetization curves of 

Dy2Pd2In compared with its hydride. 
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The specific heat measurement was performed on polycrystalline sample using the 

PPMS measuring system in the temperature range 2 - 300 K (fig. 6.121 and 6.122). 

The Néel temperature is clearly suppressed to low temperature. 

Figure 6.121. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for Dy2Pd2In 

measured in various magnetic fields. 

Figure 6.122. Detail of the temperature 

dependence of the specific heat (in the 

C/T vs. T representation) for Dy2Pd2In-

H measured in various magnetic fields. 

 

Figure 6.123. Detail of the temperature dependence of the specific heat (in the C/T 

vs. T representation) for Dy2Pd2In compared with its hydride. 

6.3.2.7. Ho2Pd2In  

 

Ho2Pd2In crystallizes in Mo2FeB2 structure type with the lattice parameters 

a = 7.6404(4) Å and c = 3.6713(2) Å. 

 

The studies of magnetic properties for Ho2Pd2In were performed using PPMS in the 

temperature range 2 – 300 K and fields up to 14 T. Magnetic properties of Ho2Pd2In 

were already studied [35,59]. Ho2Pd2In is known to be antiferromagnet with Néel 
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temperature TN = 8 K. The value TN = 8.5 K obtained in this work corresponds well 

to the reported data.  

Magnetic susceptibility curve has standard antiferromagnetic character (fig. 6.124). 

The data follow the Curie-Weiss law with parameters µeff = 10.4 µB/Ho (theoretical 

value for free ion 10.61 µB/Ho3+) and θp = -2 K. The magnetization curve (fig. 6.125) 

shows metamagnetic transition around μ0H = 1.5 T.  

Figure 6.124. Temperature dependence of 

magnetic susceptibility of Nd2Pd2In 

measured in applied magnetic field 

µ0H = 1 T. 

Figure 6.125. Magnetization curve of 

Nd2Pd2In measured at T = 2 K. 

 

Because of these interesting magnetic properties we have decided to prepare single 

crystal. We have successfully prepared single crystal despite incongruent melting of 

the compound. 

 

Magnetic measurements along principal crystallographic directions show large 

magnetic anisotropy with c-axis being the easy axis of magnetization (fig. 6.126). 

Compared to polycrystal, magnetization curve obtained on single-crystalline sample 

with magnetic field applied along the c-axis (fig. 6.127) clearly shows at least 2 

metamagnetic transitions (μ0H = 1.3 T and μ0H = 2.2 T). With increasing 

temperature the transition in lower field broadens and shifts to lower fields and 

finally disappears above 5 K (fig. 6.129 ) while the transition at μ0H = 2.2 T 

disappears much faster. The magnetization curve along the c-axis saturates above 

μ0H = 4 T yielding saturated magnetization 18 μB/f.u., much less than the full 

theoretical moment 20 μB/f.u.  
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Figure 6.126. Temperature dependence of 

magnetic susceptibility of Ho2Pd2In 

measured in magnetic field µ0H = 3 T 

applied along principal crystallographic 

directions. 

Figure 6.127. Magnetization curves of 

Ho2Pd2In measured along principal 

crystallographic directions. 

 

Figure 6.128. Temperature dependence 

of magnetic susceptibility of Ho2Pd2In 

measured in various magnetic fields 

applied along c-axis. 

Figure 6.129. Magnetization curves of 

Ho2Pd2In measured at various 

temperatures with magnetic field applied 

along c-axis. 

 

The measurements in the basal plane do not show any traces of metamagnetic 

transition (fig. 6.130 and 6.131) 
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Figure 6.130. Temperature dependence 

of magnetic susceptibility of Ho2Pd2In 

measured in various magnetic fields 

applied along a-axis. 

Figure 6.131. Magnetization curves of 

Ho2Pd2In measured at various 

temperatures with magnetic field applied 

along a-axis. 

 

The polycrystalline sample was used as a starting material for the hydrogenation, 

which was carried out at H2 pressure of 100 bar. Prior to the hydrogenation the bulk 

sample was crushed into sub-millimeter particles and the standard procedure of 

activation was performed. After the exposure to 100 bar at room temperature, the 

sample was heated up to 250 ºC and subsequently fast cooled down to room 

temperature and heated up to 250 ºC where it was hold for 12 hours. Finally it was 

cooled to room temperature with the cooling rate 0.1 ºC/min. After the hydrogenation 

was finished it was passivated by N2 gas so as to prevent spontaneous desorption of 

hydrogen. The X-ray diffraction showed that the hydrogenation leads to the 

anisotropic lattice expansion of approx. 4.2 %. The crystal structure parameters are 

summarized in the table 6.21. 

 

 Ho2Pd2In Ho2Pd2InHx 
a (Å) 7.6404(4) 7.6138(10) 
c (Å) 3.6713() 3.8511(7) 
V (Å3) 214.3  223.2481 
∆a/a (%) - -0.35 
∆c/c (%) - 4.9 
∆V/V (%) - 4.2 
Table 6.21. Structure parameters of Ho2Pd2In and its hydride. Lattice parameters a 

and c, unit cell volume V, relative lattice expansion along a direction ∆a/a, along c 

direction ∆c/c and relative volume expansion ∆V/V are given. 

 



137 
 

The hydrogenation is accompanied by changes in magnetic properties. The Néel 

temperature is suppressed below 2 K (fig. 6.132). The metamagnetic transitions seen 

on magnetization curve in the parent compound are not present in the hydride or they 

are smeared out (fig. 6.133). Magnetic susceptibility of Ho2Pd2In-H in the 

paramagnetic range can be fitted by the Curie-Weiss dependence with the effective 

moment μeff = 11.1 μB/Ho and the paramagnetic Curie temperature θP = 1 K. This 

value is higher than the theoretical one of 10.61 μB/Ho3+. 

Figure 6.132. Temperature dependence 

of magnetic susceptibility of Ho2Pd2In 

compared with its hydride. 

Figure 6.133. Magnetization curves of 

Ho2Pd2In and its hydride measured at 

temperature T = 2 K. 

 

The specific heat measurement was performed on polycrystalline samples using the 

PPMS measuring system in the temperature range 2 – 300 K. The Néel temperature 

is clearly suppressed to lower temperature in the hydride (below the active T-range 

for the measurement) (fig. 6.134). 

 

Figure 6.134. Detail of the temperature dependence of the specific heat (in the C/T 

vs. T representation) for Ho2Pd2In compared with its hydride. 
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6.3.2.8. Er2Pd2In 

 

The synthesized ingot was used for the hydrogenation, which was carried out at H2 

pressure of 113 bar. Prior to the hydrogenation the bulk sample was crushed into sub-

millimeter particles and activated using standard activation procedure. After cooling 

to the room temperature the crushed polycrystal was exposed to the H2 gas at 

pressure of 113 bar. After the exposure to 113 bar at room temperature, the sample 

was heated up to 200 ºC, where it was kept for 6 hours. After that the sample was 

heated up to 250 ºC where it was kept for approx. 12 hours. The sample was 

subsequently cooled down to room temperature at 3 ºC/min. After the hydrogenation 

was finished it was passivated by N2 gas so as to prevent spontaneous desorption of 

hydrogen. The amount of absorbed hydrogen was calculated from the weight change 

as (1.8 ± 0.4) H/f.u. 

 

The X-ray diffraction experiment showed that both parent compound Er2Pd2In and 

the hydride crystallize in tetragonal Mo2FeB2 structure type with lattice parameters 

given in the table 6.22. Obtained parameters for the parent compound correspond 

well to the literature data [35,59].  

 

 Er2Pd2In Er2Pd2In1.8 ± 0.4 
a (Å) 7.6340(10) 7.5843(2) 
c (Å) 3.6470(7) 3.8200(2) 
V (Å3) 212.5  219.7 
∆a/a (%) - -0.65 
∆c/c (%) - 4.7 
∆V/V (%) - 3.4 
Table 6.22. Structure parameters of Er2Pd2In and its hydride. Lattice parameters a 

and c, unit cell volume V, relative lattice expansion along a direction ∆a/a, along c 

direction ∆c/c and relative volume expansion ∆V/V are given. 

 

The studies of magnetic properties for Er2Pd2In were performed using PPMS in the 

temperature range 2 – 300 K and fields up to 14 T. Temperature dependences of the 

magnetic susceptibility exhibit a maximum indicating an antiferromagnetic ordering 

at about TN = 7.5 K. The value obtained in this work corresponds well to the reported 

data [35,62]. The data follow the Curie-Weiss law with parameters µeff = 9.6 µB/Er 

and θp = -9.2 K. The calculated value of the effective moment is close to 9.58 µB/Er3+ 
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expected for the free ion. Magnetization measurements using a Quantum Design 

PPMS magnetometer revealed metamagnetic transition on the magnetization curve of 

Er2Pd2In up to 14 T (fig. 6.136). This result is also corroborated by the measurement 

of temperature dependence of magnetic susceptibility in various magnetic fields. The 

curve changes its shape between 0.5 and 2 T (fig. 6.135) resembling ferromagnetic 

behavior in magnetic field µ0H = 2 T. 

Figure 6.135. Temperature dependence 

of magnetic susceptibility of Er2Pd2In 

measured in various magnetic fields. 

Figure 6.136. Magnetization curves of 

Er2Pd2In measured at various 

temperatures. 

 

Er2Pd2In-H also orders antiferromagnetically (fig. 6.137). The Néel temperature is 

suppressed to TN ≈ 3.5 K. Magnetic susceptibility of Er2Pd2In-H in the paramagnetic 

range can be fitted by the Curie-Weiss dependence with the effective moment µeff = 

9.6 µB/Er and the paramagnetic Curie temperature θP = -6.5 K. The value of µeff is 

identical to that obtained for the parent compound Er2Pd2In. The shape of 

magnetization curve is preserved upon hydrogenation, only the metamagnetic 

transition shifts to lower magnetic fields (fig. 6.138).  

Figure 6.137. Temperature dependence Figure 6.138. Magnetization curve of 
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of magnetic susceptibility of Er2Pd2In 

measured in µ0H = 0.03 T compared 

with the hydride. 

Er2Pd2In measured at T = 2 K compared 

with the hydride. 

 

The results of magnetic measurements are corroborated by the results of specific heat 

measurement. In the parent compound the position of the peak associated with 

magnetic transition at ≈ 5 K shifts to lower temperatures with increasing magnetic 

field (fig. 6.139). Such field-induced changes correspond to the antiferromagnetic 

order. Around 2 T the trend changes, the peak starts to shift towards higher 

temperatures with further increasing magnetic field, being reminiscent of a 

ferromagnet.  

 

Figure 6.139. Detail of the temperature dependence of the specific heat (in the C/T 

vs. T representation) for Er2Pd2In measured in various magnetic fields. 

 

Figure 6.140. Detail of the temperature dependence of the specific heat (in the C/T 

vs. T representation) for Er2Pd2In compared with the hydride. 
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We have shown that RE2T2X compounds can absorb more hydrogen compared to 

their U-counterparts. So as to accommodate more hydrogen the structure reacts by 

amorphization as in La2Ni2In, La2Pd2In and Nd2Pd2In or by the crystal-structure 

distortion (Nd2Ni2In). We can conclude that the amorphization of the structure upon 

hydrogenation is found for RE2Pd2In with light RE (La, Nd). RE2Pd2In with heavy 

RE behave similar way as was found for U2T2X compounds (2 H/f.u., crystal 

structure type not changed).  For the RE2Pd2In compounds, the lattice parameters a 

and c and unit cell volume V decrease linearly with increasing atomic number of RE 

corresponding well to the lanthanide contraction (figs. 6.141-4). Upon hydrogenation 

the crystal structure is actually expanded. The lattice parameter a for the hydride is 

also linearly decreasing with increasing atomic number as in the parent compound 

but the slope is much higher. For first part of RE (La-Gd) the hydrogen absorption 

leads to expansion along the a-axis while for the others the a parameter is contracted 

(fig. 6.141). On the other hand the lattice is expanding along the c-axis in all studied 

RE2Pd2In compounds. The relative expansion along the c-direction ∆c/c (fig. 6.142) 

increases with increasing atomic number of RE in such way, that it compensates the 

lattice contraction along a-axis leading to volume expansion in all cases (fig. 6.143). 

The crystal-structure parameters of Nd2Pd2In do not fit the indicated dependences 

because of higher hydrogen absorption compared to other compounds from this 

series. It is interesting to see how the immediate surroundings of the H atom position 

changes upon hydrogenation. The figures 6.145 and 6.146 show the H absorption 

induced changes of RE3T tetrahedra which is the most probable hydrogen position. It 

was already found for U2T2X compounds [56] and Nd2Ni2In [this work]. For the 

light RE, the tetrahedra is expanded in all directions. On the other hand, in the case 

of heavy RE, which are smaller, it is expanded along the c-axis and contracted in 

base. It corresponds to changes of the lattice parameters (c expands for both, a 

expands for light RE and shrinks for heavy RE).  
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Figure 6.141. Lattice parameter a and 

relative lattice expansion along a direction 

∆a/a for RE2Pd2In. 

Figure 6.142. Lattice parameter c and 

relative lattice expansion along c 

direction ∆c/c for RE2Pd2In. 

 

  

Figure 6.143. Unit cell volume V and 

relative volume change ∆V/V for 

RE2Pd2In. 

Figure 6.144. Atomic radii across the 

lanthanide series. 

 

 
 

Figure 6.145. Schematic image of the 

hydrogenation induced expansion of 

RE3Pd tetrahedra for light rare-earth. 

Rare-earth atoms, Pd and H are drawn as 

blue, red and black circles, respectively. 

Figure 6.146. Schematic image of the 

hydrogenation induced expansion of 

RE3Pd tetrahedra for heavy rare-earth. 

Rare-earth atoms, Pd and H are drawn as 

blue, red and black circles, respectively. 
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Magnetic properties of RE2Pd2In series are interestingly complicated. RE atoms form 

a triangular motif within the tetragonal crystal structure bringing magnetic frustration 

into the system. The crystal structure resembles 2D Shastry-Sutherland lattice [27]. 

We have prepared for the first time single crystals of some of the representatives of 

this series and studied details of magnetic behavior as a function of temperature and 

magnetic field. The ordering temperatures of RE2Pd2In compounds follow 

reasonably well the de Gennes scaling (fig. 6.147). The maximum temperature was 

though found for Tb2Pd2In and not for Gd2Pd2In. We have found from measurements 

on single crystals that magnetic properties of these compounds are highly anisotropic 

showing several metamagnetic transitions in various crystalographic directions.  

Magnetic measurements allowed us to construct preliminary magnetic-phase diagram 

for Tb2Pd2In (fig. 6.148-151). The details of magnetic behavior (e.g. magnetic 

behavior in high magnetic fields along the [110]-direction at higher temperatures) 

still should be studied. So as to construct magnetic-phase diagrams for other single 

crystals, we would need some additional information, as metamagnetic transitions 

are not sharp enough to evaluate their characteristic field. Perhaps due to the 

presence of the frustration, the phase diagrams are quite complicated showing several 

so far unknown magnetic phases. So as to determine all the phases there would be 

necessary to perform neutron diffraction experiment at various temperatures and 

applied magnetic fields.  

 

Figure 6.147. Ordering temperatures of RE2Pd2In compounds compared with de 

Gennes scalling. 
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Figure 6.148. Magnetic phase diagram for 

Tb2Pd2In along the c-axis. 

Figure 6.149. Magnetic phase diagram 

for Tb2Pd2In along the a-axis. 

  

Figure 6.150. Magnetic phase diagram for 

Tb2Pd2In along 110-direction. 

Figure 6.151. Complete magnetic phase 

diagram for Tb2Pd2In. 

 

The magnetic ordering temperatures of all RE-compounds studied are dramatically 

reduced by the hydrogenation, typically to the T-range below 1.8 K, which is 

inaccessible by standard magnetometry. Such general dramatic weakening of the 

RKKY exchange interaction should have a strong reason – most likely the impact of 

hydrogenation on the system of conduction electrons. Few percent volume expansion 

cannot have such a dramatic consequence. The effect of H-bonding is more probable. 

As H typically behaves as acceptor in a compound with strongly electropositive 

elements, it induces a drain of electrons from RE into the H-1s states, affecting the 

situation around the Fermi level. Is there any direct evidence of that? The 

Sommerfeld coefficient γ cannot be reliably obtained for magnetic compounds due to 

the large magnetic entropy at low temperatures. We have, though, the data for 

La2Pd2In and its hydride (fig. 6.152) which reveal a decrease of γ, i.e. N(EF) from 8.1 

mJ/mol.K2 to 5.5 mJ/mol.K2. True γ value for La2Pd2In-H should be even lower as 

the Sommerfeld coefficient γ obtained from the low-T fit is influenced (enhanced) by 
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the presence of second phase (La2Pd2In ) in the sample. The Debye temperature ΘD 

corresponding to the slope of the low-T fit ( 2TT
C   , 3

1944


D

 ) decreases from 

115 K to 96 K in the hydride. The same behavior was also found for RE-compounds 

of 1-1-1 type [65].  

 

Figure 6.152. Detail of the temperature dependence of the specific heat (in the C/T 

vs. T 2 representation) for La2Pd2In compared with its hydride. The dashed lines 

represent the low temperature fits, pink for La2Pd2In, blue for hydride. The inset 

shows … 

 

One should be aware that the decrease of γ for U2Ni2Sn - U2Ni2SnH1.8 [56] has 

different origin. It can be either due to progressing 5f-localization or enhanced 

splitting of the spin-up, spin-down sub-bands, as in this case the hydride is more 

magnetic. 

 

6.4. β‐plutonium 
 

From six known allotropic solid phases existing at ambient pressure, two have a 

prominent position. α-Pu is a low-volume (high-density, 19.82 g/cm3) phase, with a 

complicated monoclinic structure with 16 atoms per unit cell (see [66] and references  

therein). The fcc phase δ-Pu has the largest volume (low density, 15.92 g/cm3). 

Unlike the α-phase, it is ductile and generally suitable for application. Although it 
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exists only at elevated temperatures, it can be stabilized by doping. Therefore its low-

temperature characteristics are at present known almost as well as for α-Pu. It has 

been established that both phases are (despite their large volume difference) weakly 

paramagnetic, with enhanced Sommerfeld coefficient of electronic specific heat γ 

(more enhanced for δ than for α). The fact that most of data exist for the phases with 

the largest and smallest volume, it was tempting to suppose that all the differences 

are due to the volume changes, affecting the 5f-localization. β-Pu phase (with density 

17.7 g/cm3 or 18.2 g/cm3 if corrected for thermal expansion) gives some indications 

of strongly correlated character. It is stable between 398 and 487 K and its 

susceptibility can be measured at elevated temperatures. Such experiment indicated 

that β-Pu is the most magnetic phase from all Pu allotropes. Although it is not 

possible to stabilize the β-phase by doping in a manner of δ-Pu, it was found that 

rapid quenching can retain the structure if temperature is kept below 200 K. 

Resistivity data on such material reveal a pronounced “Kondo” negative slope at 

high temperatures down to pronounced maximum below T = 50 K, followed by a 

precipitous decrease on the low-temperature side. We have established basic 

characteristics of β-Pu by simulating it by a Pu-rich intermetallic compound, Pu19Os, 

which has its crystal structure closely related to β-Pu.   

 

ζ-phase (Pu19Os) is a high temperature phase [67], stable between 468 and 707 K. 

Below that range, the structure transforms into the other variety, η-Pu19Os [68]. High 

temperature ζ-phase is orthorhombic (space group Pnna) with a = 15.839(5) Å, b = 

7.819(3) Å, c = 9.151(3) Å and there are 52 atoms in the unit cell (tab.6.23). The Os 

atoms most probably substitute Pu in position Pu(1). 7 of the 8 sites of ζ-Pu19Os well 

correspond to the 7 sites of β-Pu. Also the density 18.02 g/cm3 is close to the β-Pu 

one (18.2 g/cm3). 

 

 x y z 
Pu(1) 1/4 0 0.9147(3) 
Pu(2) 0.6599(1) 1/4 1/4 
Pu(3) 0.0174(1) 1/4 1/4 
Pu(4) 0.3223(1) 0.6786(2) 0.0856(2) 
Pu(5) 0.3441(1) 0.0841(2) 0.1907(2) 
Pu(6) 0.4925(1) 0.3689(2) 0.0981(2) 
Pu(7) 0.5627(1) 0.0026(2) 0.0839(2) 
Pu(8) 0.6638(1) 0.6322(2) 0.1094(2) 
Table 6.23. Crystal structure parameters of ζ-Pu19Os [67]. 
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η-Pu19Os is orthorhombic (space group Cmca) with lattice parameters a = 

5.345(5) Å, b = 14.884(14) Å, c = 10.898(15) Å. The η-Pu19Os phase has only 5 

different Pu sites (tab. 6.24), but the local environment of some of them also does 

resemble the situation in β-Pu. Also the density 18.12 g/cm3 is close to the β-Pu one 

(18.2 g/cm3). 

 

 x y z 
Pu(1) 0 0.1983(1) 0.9759(2) 
Pu(2) 0 0.5043(2) 0.3553(2) 
Pu(3) 0 0.3629(2) 0.1810(2) 
Pu(4) 0 0.4234(1) 0.9474(2) 
Pu(5) 1/4 0.1848(2) 1/4 
Table 6.24. Crystal structure parameters of η-Pu19Os [68]. 

 

First we prepared two precursor buttons of approximate mass 200 mg by melting the 

appropriate amounts of pure elements, Os and 239Pu. The two elements have very 

different melting temperatures (3306 K for Os, 913 K for Pu), and to ensure that all 

Os is dissolved in Pu we remelted the buttons several times, using extended time of 

melting. The actual weight losses during melting were below 1 mg for each sample. 

It is reasonable to assume that they were mostly due to Pu evaporation. After 

considering their values, the exact stoichiometry was determined as Pu95.14Os4.86 for 

the sample No.1 and Pu94.96Os5.04 for the sample No.2. Both stoichiometries fall 

safely within the concentration range of existence of the intermetallic compound 

denoted as Pu19Os, which actually forms between Pu0.96Os0.04 and Pu0.93Os0.07. We 

maintain the traditional label Pu19Os for both samples, but actual concentrations were 

always considered in evaluation of specific heat and susceptibility. 

Both samples were subsequently sealed under vacuum into fused silica tubes and 

subjected to a homogenization annealing for 8 days at T = 573 K. Sample No.1 was 

then quenched into ice water, which should preserve the ζ-Pu19Os. The sample No. 2 

was subjected to additional annealing at T = 423 K for 14 days. Presumably this 

should yield the η-Pu19Os phase. The buttons were subsequently crushed and parts 

used for X-ray diffraction. Unfortunately the material was rather hard and fine 

powder could not be obtained easily even if it was crushed at liquid nitrogen 

temperature. The XRD patterns exhibited only rather broad peaks, clearly result of 

the damage imposed. Their position agrees with the diffraction peaks expected from 
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Pu19Os, but as both phases have rather similar patterns, we were not able to 

distinguish ζ  and η phases on the basis of XRD. The fact that the low-T annealing 

led to η-Pu19Os can be deduced indirectly, from the fact that properties of the sample 

No.2 were different from No.1. 

 

For magnetic susceptibility measurement, a bulk piece was placed into a cavity in 

long plexiglass stick, which was then inserted into a nickel-silver container and 

sealed. The sample holder for each sample was measured beforehand as empty. The 

temperature dependences of magnetic susceptibility were measured using the 

Quantum Design SQUID magnetometer in fields 1, 3, and 6 T in the temperature 

range 2-300 K. 

 

Figure 6.153. Temperature dependence of magnetic susceptibility χ(T) of both 

Pu19Os phases compared with δ-and α-Pu data [69]. The inset with magnetization as 

a function of field at T = 5 K demonstrates that both compounds exhibit almost the 

same susceptibility (proportional to dM/dH). The difference is the weak 

ferromagnetic impurity giving the non-zero intercept for the η-phase compared with 

δ-and α-Pu [69]. 

 

Results of the susceptibility measurements, χ(T),  are summarized in fig. 6.153. For 

ζ-Pu19Os, the susceptibility is field independent in the whole temperature range 

studied. η-Pu19Os exhibits some field dependence suddenly appearing below approx. 

40 K. This is characteristic for a small amount of a ferromagnetic impurity with the 
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Curie temperature  40 K. The inset shows the related spontaneous magnetization at 

T = 5 K, which is very small, below 0.0005 µB/mol Pu, i.e. representing  0.05 at.% 

of a tentative impurity with spontaneous magnetization 1 µB/atom. A correction for 

this impurity was applied, assuming that the intrinsic susceptibility is field-

independent. After the correction, both phases have a similar weak temperature 

dependence, with χ-values somewhat below 1*10-8m3/mol. They are however 

substantially higher than for α- and δ-Pu, which both remain below 7*10-9 m3/mol 

Pu.4  Inspecting the data in more detail, we see that ζ-Pu19Os has slightly higher 

susceptibility χ300 K = 8.25*10-9 m3/mol than η-Pu19Os (7.9*10-9 m3/mol Pu). The 

latter phase has, however a stronger T dependence, so that the values in the low-

temperature limit are practically identical (9.1*10-9 m3/mol Pu). Neither case allows 

us to speculate about any real Curie-Weiss contribution, the temperature variations 

are simply too weak. Nevertheless it proves that the susceptibility achieved in the β-

Pu analogue is higher than in the α- or δ-Pu. In the considerations we have neglected 

the contribution from Os. The susceptibility of pure Os metal is low (1.1*10-11 

m3/mol). 

 

Measurements of specific heat were performed using the relaxation method by means 

of the Quantum Design PPMS equipment. Generally, bigger samples ( 10 mg) were 

used to provide more accurate absolute specific heat values; smaller samples (less 

than 1 mg) were used to achieve lowest temperatures. Therefore at least two different 

measurements exist for each sample. Prior to every specific heat measurement, 

addenda (sample substrate with Apiezon grease used to optimize the thermal contact) 

was measured under the same conditions. In the analysis process, addenda and the 

specific heat of the Stycast were subtracted. Standard correction for self-heating was 

performed, but its impact is so low that it cannot be practically distinguished on the 

scale of the figures below.  
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Figure 6.154. Temperature dependence of the specific heat Cp for both Pu19Os 

phases. The full line corresponds to the Debye contribution for ΘD = 107.5 K.  

 

The specific heat of both phases exhibits a similar temperature dependence (fig. 

6.154), which can be approximated by the Debye-type of behavior with ΘD = 100-

120 K. It is very similar for δ-Pu data [70,71]. The increment with respect to the 

Debye term representing the lattice specific heat contribution can be attributed, 

besides the difference of the lattice specific heat  at constant pressure and at constant 

volume CP-CV (which is due to the thermal expansion), to the electronic specific heat 

γT. The difference at T = 200 K can thus provide un upper limit for the Sommerfeld 

coefficient γ, which is 22 mJ/mol Pu K2 and 33 mJ/mol Pu K2 for the η- and ζ-phase, 

respectively. More accurate low temperature γ-value can be obtained by a detailed 

analysis of the low temperature part, which yields also Debye temperature ΘD. 

Assuming the validity of the Debye model for lattice specific heat, one obtains Cp = 

γT +βT 3 for T lower than approx. ΘD/10. The value of β (β = 1944/ΘD
3 for Cp in 

J/mol K) gives then ΘD. It is obvious from fig. 6.152, that ζ-Pu19Os has the γ value 

higher than δ-Pu [72] which itself is dramatically different comparing to α-Pu [70].  
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Figure 6.155. Low-temperature specific heat on the Cp/T vs. T 2 representation. It 

compared data on large (full circles) and small cyan (empty circles) samples of η-

Pu19Os and ζ-Pu19Os (magenta) with similar data on δ-Pu (stabilized by 6.1 at.% Ce 

from [72]) and α-Pu (from [70]) The full line was obtained from inelastic neutron 

scattering data of δ-Pu stabilized by 5% Al [70] and shows that it well reproduces the 

lattice part also for 6.1 at.% Ce The straight lines are fits to the low-temperature 

linear part, which were used to estimate the respective γ and ΘD values mentioned in 

the text.  

 

The fig. 6.155 reveals also one remarkable fact, that the real linear (in Cp/T vs. T 2) 

regime appears for both Pu19Os phases only at very low temperatures, below  7 K, 

in analogy to δ-Pu [72]. The lowest temperatures achieved for the small samples, 3.6 

K and 3.4 K for the η- and ζ-Pu19Os, respectively, are just sufficient to provide a 

reliable linear extrapolation to T  0. The obtained γ-values, (552) mJ/mol Pu K2 

for ζ-Pu19Os and (742) mJ/mol Pu K2 for η-Pu19Os, are indeed higher than the high-

temperature estimates. 

 

These results should be put in contrast to the traditional believe that all Pu phases are 

simply narrow bands materials [73]. The fact that the γ-coefficient does not scale 

with the volume expansion, which would lead to a simple band narrowing and 

enhancement of N(EF), means that more advanced theoretical approaches have to be 

adopted [74,75]. They provide irrespective of the approximation used, the 5f states 

essential of the Fermi level, with the γ-enhancement due to many-body effects. 
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Summary 
 

We have been studying several systems based on uranium, rare-earths, and 

plutonium. We have shown that expansion of the U-U spacing is the crucial 

parameter responsible in strengthening of magnetic properties in U-based hydrides. 

Uranium compounds of the 2-2-1 type can absorb up to 2 H/f.u. In contrary, some of 

the RE compounds of identical type can absorb even 7 H/f.u. The involvement of the 

f-states in metallic bond, which takes place at actinides and not in lanthanides, makes 

the U-based compounds apparently more stable against hydrogenation. It is also 

interesting that the hydrogen absorption in rare-earth compounds has opposite impact 

on magnetic properties. It leads to weaker magnetic interactions (RE magnetic 

moment naturally cannot disappear) and the H impact disrupting the RKKY 

interaction seems rather general. The reduction of concentration of conducting 

electrons due to the H bonding is the most natural reason. The pure rare-earth 2-2-1 

compounds show a large diversity of magnetic properties (complicated magnetic 

phase diagrams, number of metamagnetic transitions), which can be related to the 

peculiar (possibly magnetically frustrated) type of structure. Synthesis of single 

crystals allowed to study directly the large magnetic anisotropy, found both in rare-

earth and U2Ni2Sn. The easy-axis anisotropy of U2Ni2Sn corresponds to predictions 

of the two-ion hybridization induced anisotropy, assuming the exceptional easy-axis 

type (while other U-based analogs are easy-plane type). CEF phenomena have to be 

taken responsible for the anisotropy of RE-based compounds. 

Basic electronic properties were established for ζ-Pu19Os, which is a close analogy to 

β-Pu, and for its low-temperature variety η-Pu19Os. The results confirm that the 

volume is not the main parameter driving Pu properties, as β-Pu with intermediate 

volume is the most strongly correlated Pu phase, having the γ-coefficient higher than 

both the extreme cases of α-Pu and δ-Pu. 
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