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Abstrakt: Magnetismus aktinoidů byl studován ve třech rozličných typech systémů. Vývoj 
magnetických vlastností hydridů sloučenin UTGe v závislosti na koncentraci vodíku 
prokazuje, že dopování intermetalik uranu intersticiálním vodíkem vede k výraznějším 
magnetickým vlastnostem, které jsou primárně důsledkem vyšších meziuranových 
vzdáleností. UFe2+x filmy, připravené naprašováním, jsou sice odvozeny z Lavesovy fáze 
UFe2, avšak jejich struktura je amorfní. Jejich Curieova teplota vzrůstá (nad 400 K) 
s nadbytkem Fe, což není možno dosáhnout v masivních vzorcích. Lze to chápat jako 
potvrzení dominantní role 3d magnetismu Fe. Běžně slabě magnetické plutonium bylo 
studováno ve formě slitiny, tzv. ζ-fáze, existující mezi 35 a 70 % U v Pu. Suceptibilita této 
fáze je ve srovnání s fázemi čistého Pu vyšší, i když se nevytvářejí lokální magnetické 
momenty. To prokazuje, že objem není primární řídící parametr, ovlivňující situaci okolo 
Fermiho meze ve fázích plutonia. 
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Streszczenie 
 

Niniejsze rozprawa doktorska przedstawia wyniki badań właściwości strukturalnych, 
magnetycznych i elektronowych międzymetaliczynch związków z uranem. Właściwości 
magnetyczne związków UTGe (T – metal przejściowy) krystalizujących głównie w strukturze 
rombowej (typu TiNiSi) badane są w funkcji koncentracji wodoru. Badane związki 
charakteryzują się wieloma ciekawymi właściwościami fizycznymi, w szczególności 
dotyczącymi ich właściowści magnetycznych i elektronowych, tj. silnym sprzężeniem spin-
orbita, które prowadzi do powstania momentów orbitalnych nawet w przypadku pasma, 
oddziaływaniem wymiany wywołanym hybrydyzacją stanów 5f ze stanami ligandu oraz 
anizotropią magnetyczną wynikającą z anizotropii hybrydyzacji (tzw. anizotropii wiązania). 
Ponadto właściwości magnetyczne są bardzo wrażliwe na tzw. zmienne zewnętrzne tj. 
ciśnienie, pole magnetyczne, skład chemiczny czy wodorownie. Wprowadzenie wodoru do 
sieci krystalicznej powoduje jej ekspansję lub modyfikację, a to z kolei prowadzi do wzrostu 
odległości mędzy atomami uranu.  

W związkach z uranem, uporządkowanie magnetyczne może pojawić sie w tych 
przypadkach, gdzie odległość mędzy atomami uranu jest na tyle duża, że zwężenie pasma 5f 
powodujące zwiększenie gęstości stanów na powierzchni Fermiego prowadzi do spełnienia 
warunku Stonera istenienia ferromagnetyzmu. Szerokość pasma 5f można traktować w 
pierwszym przybliżeniu jako funkcję nakrywania się atomowych funkcji falowych 5f 
wyśrodkowanych na najbliższych sąsiadujących atomach uranu. Lokalizacja czy delokalizacja 
elektronów w paśmie zależy od stopnia nakrywania się funkcji falowych, tj. im silniejsze 
nakrywanie się fukcji falowych tym większy jest stopień delokalizacji elektronów. Dla 
związków z uranem, odległość miedzy atomami uranu dU-U = 3.4-3.6 Å, zwana limitem Hill-a 
jest traktowana w przybliżeniu jako graniczna wartość odległości odpowiadająca 
krytycznemu pokrywaniu się fukcji falowych 5f-5f. Dla dU-U  mniejszej niż limit Hill-a, 
wiekszość związków z uranem jest niemagnetycza (często nadprzewodząca). Dla dU-U  
wiekszej niż limit Hill-a, związki z uranem porządkują się magnetycznie. W przypadku 
związków uranu z metalem przejścowym d, (jak Fe) stany elektronowe d lokują się blisko 
poziomu Fermiego i powodują wzrost nakrywania się funkcji falowych 5f i 3d prowadząc do 
niemagnetycznego stanu podstawowego. Jednak w niektórych przypadkach momenty 
magnetyczne pojawiają się zarówno na uranie jaki i na jonach metalu przejsciowego. 
Głównym przykładem są tzw. fazy Lavesa z żelazem, porządkujace się magnetycznie.  

W ninejszej pracy poddany analizie jest problem wypływu absorpcji wodoru na 
właściowści strukturalne, magnetyczne i elektronowe  związków UTGe (T – Fe, Co, Ni, Rh, 
Pd, Ir, Pt). Właściwości magnetyczne zdeterminowane przez elektrony z orbitalu d są badane 
na przykładzie ciekich warstwach UFe2+x otrzmanych metodą rozpylania katodowego. W 
pracy badany jest również magetyzm plutonu w stopach z uranem. 

W celu zbadania strukturalnych, magnetycznych i elektronowych właściwości 
związków będących przedmiotem rozprawy zastosowano metodę dyfrakcji promieni 
rentgenowskich (XRD) oraz pomiary namagnesowania i ciepła właściwego. Skład chemiczny 
cienkich warstw został zbadany przy pomocy wstecznego rozpraszania Rutherforda (RBS).  
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Praca doktorska zawiera następujące rozdziały: 

• wprowadznie 

• opis magnetycznych i elektronowych właściowści lekkich aktynowców, 
charakteryzujące je modele, termodynamikę powstawania wodorków, oraz opis 
właściwości badanch związków 

• opis metod eksperymentalnych wykorzystanch do badania danych związków 
• omównienie wyników ekseprymentalnych 
• podsumowanie 

 
W oparciu o analize wyników przeprowadzonych badań wyciągnięto następujące wnioski dla: 
 

UTGe-H 
• W wyniku absorpcji wodoru rombowa struktura krystaliczna U(Fe,Co,Ni)Ge typu 

TiNiSi (jednoskośna dla związku z Fe) ulega transformacji do struktury hexagonalnej 
typu ZrBeSi oraz ekspansji aż o 10.7 % w UCoGeH1.7 (β-wodorek). Powstawaniu β-
wodorków towarzyszy anizotropia ekspansji struktury krystalicznej tj. w reprezentacji 
rombowej, struktura krystaliczna ekspanduje głównie w kierunku a, który jest 
kierunkiem dU-U, natomiast ulega kontrakcji w kierunku b i c. 

• Struktura krystaliczna związków U(Rh, Pd, Ir)Ge nie ulega modyfikacji pod wpływem 
wodorowania, co natomiast prowadzi do jej ekspansji o 0.5 i 1.3 % dla związku z Pd i 
Rh odpowiednio. 

• Wodorowanie związków UTGe ma znaczący wpływ na ich właściwości magnetyczne 
tj. może powodować zmianę typu porządkowania magnetycznego, pojawienie się 
dodatkowej fazy magnetycznej oraz zmianę wartości temperatury porządkowania 
magnetycznego (np. jej wzrost). Dwa pierwsze efekty zostały zaobserwowane w 
UNiGe-H. Wodorek o najwyższej koncentacji wodoru otrzymanej pod najwyższym 
dostepnym ciścieniem pH2 = 156 bar, tj. UNiGeH1.2, porządkuję się ferromagnetycznie 
w temperaturze 100 K, w odróżnieniu od czystego związku, który jest 
antyferromagnetykiem w temperaturze poniżej 50 K. W pozostałych β-wodorkach z 
niższą koncentracją wodoru (1.0 H/f.u. i 0.3 H/f.u.) oprócz antyferromagetycznej fazy 
magnetycznej pojawia się dodatkowa faza ferromagetyczna w 7-15 K. W UIrGeH0.1 
typ porządkowania magnetycznego również ulega zmianie w odniesieniu od czystego 
związku, który jest antyferromagetykiem w 17 K. α-wodorek porządkuje się 
ferromagnetycznie w 28 K. Wzrost wartości temperatury porządkowania 
magnetycznego w wyniku wodorowania wystepuje w układach: UCoGe-H i URhGe-
H. TC wzrasta z 3 K w UCoGe, aż do 50 K w UCoGeH1.7 (β-wodorek), natomiast w 

URhGeH0.3 (α-wodorek) TC wzrasta z 9.5 K w URhGe do 17 K.  

• Absorbcja wodoru nie wpływa znacząco na własności magnetyczne UFeGe i UPdGe, 
wywołując głównie ekspansję sieci krystalicznej o 6 % w UFeGeH1.7 (β-wodorek) i o 

0.5 % w UPdGeH0.1 (α-wodorek). 
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• Brak absorpcji wodoru w pH2 ≈ 160 bar i T = 773 K został stwierdzony w przypadku 
UPtGe. 

U-Fe 
• Struktura krystaliczna cienkich warstw UFe2+x otrzymanych metodą rozpylania 

katodowego jest amorficzna. 
• TC porządkujących sie ferromagnetycznie cienkich warstw wzrasta ze wzrostem 

koncentracji żelaza z 162 K w UFe2 do 400 K w UFe2+x. 
 

U-Pu 
• Własności magnetyczne paramagnetycznego plutonu były badane w kubicznej fazie ζ, 

która istnieje pomiędzy 35 a 70 % zawartości uranu w stopie. 

• Wartość poddatność magnetycznej wzrasta w stopach  U0.41Pu0.59, i U0.59Pu0.41             
w porównaniu z fazą δ-Pu, jadnak uporządkowanie magnetyczne nie wystepuje. 
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Magnetic properties of uranium-based intermetallics are intimately related to the 
character of the 5f electronic states, ranging between a localized character, similar to 
lanthanides, and itinerancy, which is reminiscent of magnetism emerging in transition metals. 
One of specific characteristics of the 5f electron magnetism is its high sensitivity to external 
variations, such as pressure, magnetic field, composition, hydrogen absorption etc. For purely 
band systems, the actinide-actinide spacing is a crucial parameter, which determines the 
magnetic properties.  However, for uranium compounds with the U-U spacing large enough 
the principal controlling parameter is the 5f-ligand hybridization.   

Hydrogenation in general leads to changes/modifications of both crystal and electronic 
structure of intermetallic compounds. It brings a relatively small perturbation to the system, 
namely a lattice expansion and the hydrogen bonding with other atoms in the lattice. New 
formed hydrides represent autonomous compounds, often exhibiting new and very interesting 
physical properties. Besides, studies of their properties can provide additional information on 
the specific features of interatomic interactions in the initial compounds. Hydrogen absorption 
in actinide compounds strongly supports the tendency to form local 5f magnetic moments and 
gives rise to magnetic order. This can be partially attributed to 5f-band narrowing due to 
enhanced inter-actinide spacing.   

This work presents results of studies of the U magnetism tuned by hydrogen absorption 
and concomitant lattice expansion in the family of UTGe compounds (T - Fe, Co, Ni, Rh, Pd, 
Ir, Pt). It proves that doping of U intermetallics by interstitial hydrogen leads to stronger 
magnetic properties.  

Besides the hydrides, we were testing the variations of magnetic properties in 
amorphous UFe2+x films in a comparison to the Laves phase UFe2. Although U plays some 
role in such a system, the Fe 3d magnetism is the essential ingredient.  

The thesis touched also a more exotic transuranium element: plutonium. The issue of Pu 
magnetism and electronic structure was studied by means of the study of U-Pu alloys, for 
which only the crystal structure data existed so far. 
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Theoretical and experimental aspects 

 

1.1. Light-actinide systems: electronic and magnetic properties 

 
The characteristic of actinides, elements between actinium (Ac, Z = 89) and lawrencium 

(Lr, Z = 103), is the gradual filling of the 5f electron shell. The 5f states have a much larger 
spatial extent of the 5f wave functions comparing with the 4f states in lanthanides.  Light 
actinides (from Ac up to Pu) have therefore the 5f states delocalized and their magnetism is 
more similar to the d-band magnetism than to the localized 4f magnetism [1]. However, for 
the heavier actinides (from Am up to Lr) the increasing importance of electron-electron (e-e) 
correlations leads to the 5f localization, in analogy to 4f systems.  

A small separation of ions in the light actinide elements causes that the 5f wave 
functions of nearest neighbours strongly overlap, forming a broad 5f band and yielding 
weakly paramagnetic (P) behavior. A large spatial extent of the 5f wave functions leads to a 
stronger interaction with the metallic environment than that in the 4f case. 5f electrons in such 
broad bands are delocalized due to their participation in the bonding, leading to a considerable 
hybridization of the 5f states with the valence states of the neighbor atoms (5f-ligand 
hybridization ). The delocalization of the 5f electrons brings serious consequences, such as: 

• a formation of a more or less narrow 5f band intersected by the Fermi energy 
(εF) rather than discrete energy levels, 

• much smaller magnetic moments due to the itinerant 5f electrons than that 
expected for a free ion, 

• a possible disappearance of the magnetic moments in the broad-band limit 
leading to a weak (Pauli) paramagnetism, 

• no crystal-field excitations in the systems which could be observed by inelastic 
neutron scattering. 

 
Increasing the 5f occupancy implies an increase of the value of Pauli susceptibility due 

to an increase of the density of states (DOS) at the Fermi level N(εF). However N(εF) and the 
Coulomb interaction parameter U are too small to fulfill the Stoner criterion. Due to the 
weakly magnetic character of light actinides, superconductivity can appear, as it takes place in 
Th (Tsc = 1.368 K) or Pa (Tsc = 1.4 K) and α-U (Tsc = 0.625 K). Pu, the element on the verge 
of localization, exhibits the most complex behavior, such as exotic crystal structures, negative 
thermal expansion etc. 

CHAPTER 1 



Theoretical and experimental aspects 
1.1.2. Band magnetism 
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Similar to the pure actinide elements, magnetic properties of related compounds also reflect 
the gradual filling of the incomplete 5f shell. In the U, Np, Pu compounds, the magnetic ordering 
can appear in the cases in which the actinide-actinide spacing is increased to such an extent, that 5f 

band narrowing and a consequent increase of N(εF) leads to a fulfillment of the Stoner criterion. 
This situation is very well explored for U compounds, where the inter-uranium spacing dU-U = 3.4-
3.6 Å, called the Hill limit , is an approximate boundary value of the spacing, corresponding to a 
critical 5f-5f overlap. For dU-U smaller than the Hill limit, most of compounds are non-magnetic 
(often superconducting). For dU-U above the Hill limit, the magnetically ordered ground state can 
appear. However, in the later case the principal parameter modulating the occurrence of magnetic 
order is not the U-U spacing, but the hybridization of the 5f states with the electronic states of other 
components. For instance in compounds with transition metals (T), it is mainly the overlap of the 5f 
states with the d states of the T component. 

In the case 5f band magnetism appears, it exhibits a strong spin-orbit interaction leading to 
large orbital moments formed even in the case of band-like states, exchange interactions 
mediated or assisted by the hybridization of the 5f states with the ligand states, enormous magnetic 
anisotropy arising from the anisotropy of the hybridization (bonding anisotropy), orbital moments 
and the spin-orbit interaction. Recently, the discovery of U-based ferromagnetic superconductors 
leads to extensive investigations of new possibilities for unconventional mechanisms for 
magnetically mediated superconductivity. 
 

1.1.1. Band magnetism 

The band model is often used to describe the magnetism of transition metals, which are 
characterized by incomplete filled electronic shells [2]. The d-orbitals are more localized than the s-
orbitals (4s for the first series, 5s and 6s for the second and third series), which means that the 
overlap of the d wave function when the atoms are brought together creating a solid, is less 
important than for the s wave function. In order to describe the resultant bands, the linear 
combination of the atomic orbitals (the LCAO-method) is used as a good approximation. The main 
aim of this framework is the construction of (LCAO) wave functions starting from d-orbitals only 
(the tight binding method). 

In the band model, the conduction bands are considered as independent and the d-s mixing is 
neglected, thus the band Hamiltonian is: 

σσ
σ

'
*

'

'
0 jlil

ll
ij

ll
ij ccTH ∑=                                                            (1.1) 

where l and l’ are the indices describing the orbital degeneracy (5 for the d-states), i and j describe 

the atomic positions, σ is the spin index.  'll
ijT is a matix element of the Hamiltonian (kinetic energy 

and periodic potential) between two orbitals on different sites (Eqn. (1.2)), c* and c are the creation 
and annihilation operators of the particles (electrons). 
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( ) ( ) ( )j
l
ii

l
i

ll
ij RrrV

m

p
RrT

rrrr −+−= '
2

*' φφ                                    (1.2) 

After diagonalization of the Eqn. (1.1) H0 can be expressed as: 

µσµσ
µσ

µε
kk

k
k

ccH rv

r

r
+∑=0                                                     (1.3) 

where µ is a band index and k
r

the wave vector. Taking into account the interaction between 
electrons (the interaction between electrons on different sites is neglected), the Hartree-Fock 
Hamiltonian for one atom (non-invariant with respect to the rotation, which is true for one-band 
model with no orbital degeneracy) can be written: 

σσσσ
σσ

'
'

'''
''

' 2
1

2
1

ilil
ll

llilil
ll

lli nnJnnUH ∑∑
≠≠

−=                                        (1.4) 

where Ull’  and Jll’  are the atomic Coulomb and exchange integrals given by: 

( ) ( )∫ ∫ −
=

1 2

21

2

2'
21

2
2

1'

r r

llll rdrdr
rr

e
rU

r r

rrrr φφ                                            (1.5) 

and

( ) ( ) ( ) ( )∫ ∫ −
=

1 2

2121'
21

2

2
*
'1

*
'

r r

llllll rdrdrr
rr

e
rrJ

r r

rrrrrr φφφφ                                    (1.6) 

The interaction Hamiltonian for one atom (invariant with respect to the rotation) where U = J 
becomes: 

↓↑=
iii nUnH                                                                (1.7) 

Thus the total Hamiltonian for the band is: 

∑∑∑ ↓↑
+ +=+=

i
iij

ij
iij

i
i nnUccTHHH σ

σ
σ0                                  (1.8) 

which is often called the Hubbard Hamiltonian. In magnetic materials the electrons generate both 
the magnetic moments and form conduction bands. In order to explain the magnetism, where the 
spins are not localized, the Hubbard model is used. Metallic magnetism is observed e.g. in transition 
metals where the conduction bands are formed by the narrower f and d orbitals. The interaction 
between two particles in these orbitals (conduction bands) is stronger, more important than that 
between electrons occupying the more spread out s or p orbitals and hence give a larger correlation 
between electrons. In the Hubbard model this short range interaction is important, and it is 
expressed by the fact that the Coulomb interaction between electrons is taken to be the point-like in 
real space and hence constant in the momentum space. In order to find a ferromagnetic (F) solution, 
the Hartree-Fock approximation scheme needs to be applied to the Hubbard model, which is 
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equivalent with the Stoner model, and gives a microscopic basis for parameters used in it. The 
Hartree-Fock Hamiltonian is then: 

( )∑∑ ↓↑↓↑↓↑
+

− −++=
i

iiiiiij
ij

iijFH nnnnnnUccTH σ
σ

σ                               (1.9) 

 
1.1.2. Stoner model and Pauli paramagnetism 

The Stoner model of the itinerant magnetism formulated during the 1930’s describes particles 
which move freely in the periodic potential of the solid as a more or less free electron gas [3]. It 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. 
 

 
Non-magnetic solution at T = 0 K 

The molecular field per atom is given by: 

ζ0M NN MMH == ,       with 
0M

M=ζ                                         (1.10) 

where M is the magnetization and N is the molecular field constant, ζ is the reduced magnetization. 
The energy shift exerted by the molecular field is: 

ζζε ΘMH B0BMBm kNµµ −=−=−=                                           (1.11) 

The Eqn. (1.11) defines a characteristic temperature Θ  given by 

B

0B

k
Nµ M

Θ =                                                                      (1.12) 

where kB is the Boltzman constant. 

In order to calculate the free energy at T = 0 K, one starts from H = dF/dM. The contribution of a 
magnetic field to the free energy is given by: 

2
B

0

B
m k

2
1

dkd ζζζ
ζ

ΘΘMH
n

E −=−=−= ∫∫ ,      so       2
Bm k

2
1 ζΘnE −=              (1.13) 

where n is the number of particles. 
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In the case of a paramagnetic DOS, the main band is splited into the two identical sub-bands 
for the spin-up (↑) and spin-down (↓) seen in Fig. 1. (a). After applying an external magnetic field 

(molecular field) the bands become shifted with respect to each other (Fig. 1. (b)). Since εF has to be 
the same for both spin directions, this spin splitting causes a redistribution of the electrons and the 
mutual shift of the two sub-bands, leading to different occupation numbers for ↑ and ↓ (Fig. 1. (c)). 

The occupation numbers n↑, n↓ and the reduced magnetization ζ are related to each other by the 
following relations: 

n = n↑ + n↓                                                                                          (1.14) 

n

nn ↓↑ −
=ζ                                                             (1.15) 

 

The occupation numbers are related to the N(ε) via: 

( ) εε
ε

d
2

F

0
∫= N

n
                                                         (1.16) 

Modified due to an applied external field, it is:  ( ) ( ) εεζ
ε

d1
2 0

∫
↑↓

=± N
n

  and separated with respect to 

the direction of the spin, it is:  

( ) εεζ
ε

ε

d
2

F

∫
↑

= N
n

     and     ( ) εεζ
ε

ε

d
2

F

∫
↓

= N
n

                                    (1.17) 

In the case of parabolic band, where ( ) εε ~N the spin splitting is then given by: 

 
          (a)                                              (b)                                         (c)   

 
Fig. 1.1. (a) Non-magnetic DOS, (b) splitting of DOS after applying an external magnetic field, (c) redistribution of the 
electrons according to the Fermi energy. 
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( )3
2

1F ζεε ±=↑↓                                                               (1.18) 

The respective band energy (Eb) is calculated by the integration over the occupied electrons states: 

( ) ( ) constdd
F

F

b +−= ∫∫
↓

↑

εεεεεε
ε

ε

ε

ε

NNE                                           (1.19) 

Implementing the Eqs. (1.17-1.18) one obtains: 

( ) ( ) const11
10
3

3

5

3

5

Fb +




 −++= ζζεnE                                           (1.20) 

The free energy is: 

( ) ( ) ( ) constk
2
1

11
10
3 2

B3

5

3

5

Fmb +−




 −++===+= ζζζεζ ΘnnEEEE                  (1.21) 

Determining a possible extremeum (minimum or maximum) of E(ζ), where 
( )

0
d

d =
ζ
ζE

, one obtains 

the following condition: 

EΘ ∆==+ ↓↑ ζεε Bk2                                                     (1.22) 

where ∆E is called the molecular field energy or the band splitting (seen in Fig. 1.(c)). For the 
paprabolic bands one finds: 

( ) ( ) 




 −++= 3

5

3

5

F

B 11
2
1k ζζ
ζε

Θ
                                              (1.23) 

Eqn. (1.23) gives the equilibrium state as a function of ζ: 

79.0
2

1k
1

,67.0
3
2k

0

3
F

B

F

B

≈≥⇒=

≈=⇒=

ε
ζ

ε
ζ

Θ

Θ

                                                 (1.24) 

These results describe three magnetic order regimes (Fig. 1.2): 

• if   
3
2k

F

B <
ε
Θ

   the system is non-magnetic 

• if  
3

F

B

2

1k
3
2 <<

ε
Θ

 the molecular field is not strong enough to saturate the spins for the 

majority spin direction, the system is weakly magnetic 

• if  
3

F

B

2

1k ≥
ε
Θ

  all spins are saturated by the molecular field, the system is strongly magnetic 
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Fig. 1.2. Ranges of magnetic order described by 
the Stoner model for a parabolic band [3]. 

Fig. 1.3. Total energy E (ζ) as a function of the reduced 
magnetization ζ for the three magnetic regimes: (a) non-
magnetic, (b) weakly ferromagnetic, (c) strongly ferromagnetic 
[3]. 

 

Total energy E(ζ) as a function of reduced magnetization ζ for three magnetic regimes is shown in 

Fig. 1.3. The second derivative of E(ζ) yields the inverse susceptibility (1/χ): 

 

( )
( ) Θn

NN

nnE
B

22
B

2

2

2

k
1

)(
1

4
µ

d
d −









+==

↓↑ εεχζ
ζ

                             (1.25) 

In the non-magnetic limit one has ζ = 0 and N(ε↑) = N(ε↓) = N(εF), if the spontaneous magnetic 

order appears, E(ζ) must have a maximum at ζ = 0. This condition leads to the so called Stoner 
criterion for the spontaneous magnetic order of a system of itinerant electrons (F instability): 

( ) 1k
2

BF ≥ΘN
n

ε                                                        (1.26) 

The Stoner criterion is fulfilled if either the molecular field term kBΘ, or when N(εF) is large. 
The large values of the DOS will never be reached by an electron density which behaves like a free 
electron gas. Only if the bandwidth is considerably smaller, like for the 3d-electrons, the DOS is 

large enough to fulfill the Stoner criterion. When the non-magnetic state is stable ( ( ) 1k
2

BF <ΘN
n

ε ), 

one can calculate the static susceptibility per atom. If the non-magnetic solution is unstable (see 
Eqn. (1.26)) one can have a total (strong) ferromagnetism or partial (weak) ferromagnetism at T = 0 
K. 

Due to an applied external magnetic field (µBHext), ↑ and ↓ Fermi energies are splitted 

according to: ε↑↓ = ε0 ± µBHext (Fig. 1. (b)). The band energy is then given by: 

( ) ( ) ( ) ( ) εεεεεεεεεεεε
ε

ε

εε

ε

ε

dddd
F

FFF

00

b ∫∫∫∫
↑

↓

++−= NNNNE                             (1.27) 

After the integration one obtains the free energy: 
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( ) 2
ext

2
BFp µ HNEE ε+=                                                    (1.28) 

where Ep is the contribution of the non spin-split (non-magnetic) DOS. Taking the second 
derivative of E with respect to Hext yields the Pauli susceptibility of the non-interacting electron gas: 

 ( )FBP µ2 εχ N=                                                             (1.29) 

In the case of interacting itinerant electrons, the free energy can be obtained in an analogous 
way but the molecular field energy (-IsM

2/2) needs to be included. 

( ) ( ) ( ) ( )
2

dddd
2

s

00

b

F

FFF MI
NNNNE −++−= ∫∫∫∫

↑

↓

εεεεεεεεεεεε
ε

ε

εε

ε

ε

                     (1.30) 

where Is is an effective interaction parameter (like Θ), so called Stoner exchange integral, M is the 
magnetization. After the integration one obtains the free energy: 

( ) 2µ4

2
s

2
BF

2

p

MI

N

M
EE −+=

ε
                                                  (1.31) 

The susceptibility of the interacting itinerant electrons is given by: 

( ) S
NI P

Fs
2
B

P

µ21
χ

ε
χχ =

−
=                                                     (1.32) 

It is no longer given by the Pauli term, but is enhanced by a factor-the Stoner enhancement factor: 

( )Fs
2
Bµ21
1

εNI
S

−
=                                                           (1.33) 

The Stoner criterion can be again formulated (when the non-magnetic solution is unstable), 
with the condition that the susceptibility must be positive in the minimum of the free energy. If M = 
0, the susceptibility is negative one obtains: 

( ) 1µ2 Fs
2

B >εNI                                                            (1.34) 

Is depends very weakly on the chemical potential, bonding and k
r

. Is can be calculated from 
the exchange interaction, since the band splitting is given by the expectation value of the difference 

of the ↑ and ↓ exchange potentials. 
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Magnetic solutions at T ≠≠≠≠ 0 K 

In order to consider the temperature dependence of the susceptibility one assumes that the 
temperature dependence of the Fermi distribution function (f(ε)) is the crucial quantity. In this case 

the number of ↑ and ↓ electrons can be written as: 

( ) ( ) εηεεζ d1
k

exp1
2

1

B0

−

↑↓

∞

↑↓ 









+







−=±= ∫ T

N
n

n                                (1.35) 

where extBB µk HΘ ±±=↑↓ ζµη (µ is the chemical potential). These Stoner equations can be used to 

calculate the paramagnetic susceptibility, which is given by: 

( ) ( )

( ) ( ) ε
ε
εε

ε
ε
εε
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21

d
d

d
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∞
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M
                                       (1.36) 

 and                                              

( ) ( ) 2
B

B

0

2
B

µ

k

d
d

d
µ2

11
n

Θ

f
N

−=

∫
∞

ε
ε
εεχ

                                       (1.37)  

Temperature dependence of 1/χ in the Stoner model is shown in Fig. 1.4. The first curve (1) is 
the function without a molecular field being the temperature dependence of the non-interacting 

susceptibility. The second curve (2) describes systems which are on the verge of magnetic order (χ 

= ∞ at T = 0 K). From this curve the Stoner criterion can be derived: 

( ) ( ) 1
k

2
µ

k
µ2

1
0 B

2
B

B
2
B

=⇒−=
n

Θ
N

n

Θ

N
ε

ε
    

(1.38)                        

For the third curve (3) there is a critical 
temperature above which the susceptibility 
becomes positive. This critical temperature is 
the Curie temperature (TC) in the Stoner 
model. From the condition that 1/χ must be 
zero at TC one derives: 

( ) ( )
1d

d
dk2

0

B =∫
∞

ε
ε
εε f

N
n

Θ
  at  TC    (1.39)                              

Fig. 1.4. Temperature dependence of the inverse 
susceptibility in the Stoner model [3]. 
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Eqn. (1.39) is the temperature dependence of the Stoner criterion. Introducing again Is, TC of an 
itinerant ferromagnet within the Stoner model is given by: 

( )( )1Fs
2

F
2

C −= εNITT                                                      (1.40) 

where TF is the Fermi degeneracy temperature. TC becomes considerably smaller only if IsN(εF) is 
slightly larger than one, that is the model, which works for a very weak itinerant electron 
magnetism. 

 

1.1.3. The Hill limit, 5 f-ligand hybridization, orbital moments 

The type of magnetic behaviour depends on the strength of the interaction between the 
localized magnetic states and the conduction electrons. If this interaction is mediated by conduction 
electrons, we deal with an indirect exchange interaction, for which the RKKY interaction being a 
good approximation. In the case of 5f electron system with a small relative separation of ions, the 
overlap between the 5f wave functions can cause a direct interaction. 

Hill [4]  has presented a systematic study of magnetic properties of intermetallic U (as well as 
Ce and Pu) compounds, which were known in 1970’s as a function of the nearest neighbour 
distance dU-U. He has shown that for dU-U < 3.4 Å the U compounds have a P ground state (often 
superconducting at low temperatures). For dU-U > 3.6 Å the U compounds are usually magnetic. Of 
course the value of the Hill limit has to be taken very approximately; the width of the 5f band is 
naturally affected also by the coordination number. The interpretation for these observations is that 
the ground state is a consequence of the extent to which the 5f-orbitals overlap. For small values of 
dU-U, uranium f-electron orbitals in the lattice overlap directly with those of the neighboring U-ions 
and produce itinerant f-electron behaviour (5f band). The lack of magnetic order opens the way to 
superconductivity. On the other hand, for large values of dU-U a long-range magnetic order sets in 
the f-electrons more localized at the U-ion. At dU-U ≈ 3.5 Å, the U systems, being on the edge of 
becoming magnetic, exhibit strong spin fluctuations (SF). The Hill criterion has, however, 
numerous exceptions, especially in the case of dU-U > the Hill limit, where the overlap of the 5f 
orbitals with s-, p- or d-orbitals (5f-ligand hybridization) of non-U neighbours considerably 
contributes to the delocalization of U 5f-electrons. In the case of U compounds with T, mainly the 
overlap of the 5f states with the d-states of the T component in the energy scale affects the strength 
of the hybridization.  The reduced 5f-d hybridization leads to the onset of 5f magnetism, while the d 
states are more occupied than in the pure d-element. An interesting fact is that, in the U compounds 
with the d-element, which is itself magnetically ordered (Co, Ni, Fe), this element behaves 
essentially as non-magnetic. Of course, exceptions are the U compounds with a very high content of 
T component, in which the d-magnetism can prevail. In U compounds with earlier d-metals such as 
Fe or Ru the d-states appear closer to εF and the 5f-d energy overlap increases, leading typically to a 
non-magnetic ground state (such as UFeGe). Interesting examples is the Laves phases with Fe, 
which orders ferromagnetically [1]. Relatively high TC value e.g. for UFe2, TC = 162 K, points to the 
dominance of the Fe-sublattice exchange interaction, but the actinide magnetic moments are non-
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 negligible. In the case of UFe2 the total magnetic moment consists of orbital (0.23 µB) and spin     

(-0.22 µB) component, cancelling each other.  

In U compounds with non-T metals, it is mainly the size of ligand atoms that affects the 
hybridization [1]. The faster decay of the p-wave function on the U-site in case of smaller ligands 
makes the overlap integrals (real space) large, which leads to a non-magnetic ground state, whereas 
in compounds with large ligands the hybridization is weaker and the ground state is magnetic. With 
increasing dU-U more antiferromagnets appear. Above dU-U ≥ 4.0 Å probably no ferromagnetism 
occurs any more. In this case the direct 5f-5f overlap is negligible, and the hybridization plays an 
important role as a mechanism of the destabilization of the 5f moments. It leads to an indirect 
exchange interaction, due to the conserved spin information in the hybridization process. 

As the most of U compounds form a 5f band present at εF, the appearance of the magnetic 

moments and the ordering can be understood due to a spontaneous splitting of ↑ and ↓ subbands 
forming a net spin magnetic moment [1]. Due to the strong spin-orbit interaction, typically a large 
magnetic moment is induced in light actinides. It is antiparallel to the spin moment for U, which in 
fact corresponds to the third Hund’s rule stating that the total angular momentum is given by            
J = L-S.  

 

1.1.4. Exchange interaction and magnetic anisotropy 

Exchange interaction in systems with strongly itinerant 5f states, can be understood in terms 
of Stoner-Edwards-Wohlfarth theory for itinerant magnets, in which the ordering temperature is 
proportional to the ordered moment. Maximal ordering temperatures can be expected for a moderate 
strength of hybridization as a strong hybridization completely suppresses magnetic moments, 
whereas a weak one leaves the moments intact with their weak coupling. The model, which gave 
the most realistic results, was developed by Cooper et al. [5] on the basis of Coqblin–Schrieffer 
approach. The mixing term in the Hamiltonian of the Anderson type is treated as a perturbation, and 
the hybridization interaction is replaced by an effective f-electron-band-electron resonant exchange 
scattering. Considering ion-ion interactions as mediated by different covalent-bonding channels, 
each for particular magnetic number (mj), the strongest interaction is for those orbitals that point 
along the ion-ion bonding axis, which represents the quantization axis of the system. The two 5f 
ions maximize their interaction by compression of the 5f charge towards the direction to the nearest 
5f ions. This has serious impacts on the magnetic anisotropy, both as to its strength and 
directionality. 

Magnetic anisotropy as a difference in energy for various moment directions is considered as 
resulting from Crystal Electric Field (CEF) in lanthanides. The giant magnetic anisotropy reported 
in the light-actinide compounds, originates from sizeable orbital magnetic moments induced the 
system of bonding, itinerant, electrons by a strong spin-orbit interaction. Such situation leads to the 
so-called hybridization-induced anisotropy, which is two-ion by nature, and is therefore 
qualitatively different from a single ion anisotropy due to CEF phenomena [5-6]. The bonding 
directionality manifests mainly at a low occupancy of the f-states; more f-electrons lead to a wider 
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spread of occupied mj states. U systems with less than three 5f electrons per atom reflect such 
phenomena in the orientation of 5f moments perpendicular to shortest U-U bonds. It is most 
apparent in the case of uniaxial anisotropy, arising for a planar coordination of U, as in the ternary 
UTX compounds with the ZrNiAl structure type [7]. If U atoms are coordinated in linear chains 
(TiNiSi or GaGeLi structure types from the UTX compounds), a hard-magnetization axis is 
equivalent to the chain direction, with in-plane anisotropy perpendicular to the chain direction being 
weaker [7]. In this sense, the magnetic anisotropy reflects the bonding anisotropy in U-based 
compounds. 

The UTX compounds with the ZrNiAl structure type were found to exhibit also a large elastic 
anisotropy [8]. Applying a hydrostatic pressure, the compression along the hexagonal basal-plane 
sheets (with a shorter U-U spacing) is much higher than that along the c-axis. Such an effect 
observed for all the studied U-based compounds and absent in rare-earth analogues indicates that 
the tenability of the 5f states and 5f-5f bonds are the main culprit. It reflects the sensitivity to the 5f 
states with a highly variable degree of delocalization to all control parameters. Ref. [7] also showed 
that the same pattern as linear compressibilities is followed by thermal expansion; the “soft” lattice 
directions have also highest coefficients of linear thermal expansion. 

 

1.1.5. Ferromagnetic superconductors 

The standard theory of conventional superconductivity developed by Bardeen, Cooper and 
Schrieffer (BCS) in 1957, shows that the superconductivity involves the formation of bound pairs of 
electrons, named Cooper pairs interacting through the exchange of phonons. The model predicts 
that the attractive pairing interaction is reduced in a magnetic field and, as a consequence, is 
suppressed by a F order. This prediction is consistent with experimental observations. The 
discovery of the coexistence of the F order and superconductivity has caused the search of the new 
models describing this phenomenon. A new kind of magnetically mediated superconductivity has 
been proposed, in which the Cooper pairs result from the magnetic fluctuations [9]. In U-based 
ferromagnetic superconductors (e.g. UGe2, URhGe, UIr), this type of superconductivity was found 
to occur in the vicinity of a quantum critical point (QCP). A phase transition from a magnetically 
ordered phase to a disordered phase by tuning the pressure or by chemical substitution, is called a 
quantum phase transition since quantum fluctuations lead to a breakdown of the long-range order, 
in contrast to the classical phase transitions where thermal fluctuations play a crucial role.  A 
schematic phase diagram in the vicinity of a QCP is shown in Fig. 1.5. The critical pressure, or 
critical chemical composition, where the ordering temperature is tuned to TC = 0 K is referred to as 
a QCP. 
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General features of the new type of superconductivity are: 

•  the superconducting pairing of the conduction electrons is mediated by spin fluctuations 
rather than by phonons, as it takes place for a conventional superconductivity, 

• in the superconducting state the quasiparticles form Cooper pairs in which the spins are 
parallel (S = 1), in contrast to conventional superconductors with opposite sign (S = 0), 

• the ferromagnetism is itinerant and therefore carried by the conduction electrons. This arises 
from a splitting of the ↑ and ↓ band, which means that the ferromagnetism and the 
superconductivity are carried by the same electrons. 

 

 

 
Fig. 1.5. Schematic phase diagram [10] in the vicinity of the QCP, where T is the 
temperature and the r is the tuning parameter of the system through the quantum 
phase transition (as pressure or chemical composition). The solid line indicated 
the finite-T boundary between ordered and thermally disordered phase. The 
dashed lines show the boundaries of the quantum critical region. 
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Fig. 1.6. Schematic pressure-concentration isotherms of the 
LaNi5-H and Van't Hoff curve (logarithm of the equilibrium 
pressure vs. the reciprocal temperature), values are for LaNi5 
[11]. 

1.2. Metal hydrides 

Hydrogen absorption in U compounds strongly supports the tendency to form local 5f 
magnetic moments and to give rise to a magnetic order. This can be partially attributed to 5f-band 
narrowing due to enhancement of the inter-actinide spacing. 

1.2.1. Hydride formation-thermodynamics 

Hydrogen adsorbs at the solid surface as molecules when the Van der Waals-type weak 
physisorption takes place or as atoms when the hydrogen molecules dissociate at the surface before 
chemisorption. On the interstitial sites of the host metal (M), hydrogen is located only in the form of 
atoms, never molecules. The thermodynamics of hydride formation can be described by pressure-
composition isotherms (Fig. 1.6).  

The host metal initially dissolves 
some hydrogen as a Sievert-type solid 
solution (α-phase) [12]. The concentration 
of the dissolved hydrogen according to the 
Sievert’s law can be described by: 

2HH psx =                 (1.41) 

where x is the concentration of dissolved 
hydrogen in equilibrium with gaseous 
hydrogen at pressure p, and s is the 
Sievert’s parameter. The condition of 
thermal equilibrium between gaseous 
hydrogen (H2) and dissolved hydrogen (H) 
is assumed to be:  

      xx MHHM 22

1 =+             (1.42) 

Since the temperature dependence of the concentration of dissolved hydrogen shows a thermal-
activity one can write: 

2HH K fa =                                                              (1.43) 

where Ha  is the thermodynamic activity of the dissolved hydrogen, 2Hf  is the fugacity of the 

gaseous hydrogen, and K is the equilibrium constant for the reaction (1.41). For a low concentration 

the Eqn. (1.43) can be written as 2Hγ xa =  where γ is an activity coefficient. At low pressures 

2H2H β pf =  where β is a fugacity coefficient. Hence the Eqn. (1.41) can be expressed: 

px 







= β
γ

K
H                                                          (1.14) 
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where β
γ

K=s  is constant at a given temperature over a small concentration range. Recalling 

T

G

R

'
lnK

∆= , where 'G∆  is the change of Gibbs free energy when one H atom is dissolved from the 

gas phase into a metal, one obtains: 
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 where 'H∆  is the enthalpy change ( 2H2

1
H' HHH −=∆ ), and 'S∆  is the entropy change. If we 

substitute s from the Eqn. (1.14) to Eqn. (1.15) the overall expression for the concentration of 
dissolved hydrogen takes the form: 

R

'

R

'

0

2H
H ee

S

T

H

p

p
x

∆∆−

=                                                      (1.16) 

As the hydrogen pressure increases together with the concentration of H in the metal, the 
interaction between hydrogen atoms become locally important and the β-phase starts to nucleate 

and grown. While the two phases (α- and β-hydride) coexist together, the isotherms show a flat 

plateau (Fig. 1.6).  In the pure β-phase, the H2 pressure rises steeply with the concentration. At a 
higher H2 pressure, further plateaux and hydride phases may be formed. The two-phase region ends 

in a critical point, above which the transition form α- to β-phase is continuous. The enthalpy of 
dissolved hydrogen is a function of hydrogen concentration, and it is the consequence of the 
interaction between the dissolved atoms.  An important contribution to enthalpy gives the average 
elastic interaction. Interstitial hydrogen atoms can be taken as the point defects in a bounded elastic 
medium inducing the lattice volume expansion, which then interacts with the stress field of each 
hydrogen atom, and lowers the enthalpy in proportion to the H concentration. The volume v  per M 
atom increases linearly with hydrogen concentration:  

Hxvvv += 0       (1.17) 

where v0 is the atomic volume of the pure host metal, and vH is the volume increase per hydrogen 
atom.  The dependence of enthalpy on the hydrogen concentration consists of two parts: volume-
dependent contribution and volume-independent one: 

Vx x

H

x

V

V

H

x

H









∂
∆∂+

∂
∂










∂
∆∂=

∂
∆∂ '''

    (1.18) 

The first term of Eqn. (1.18), called the elastic contribution, can be calculated as:  
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Fig. 1.7. Interstitial sites (octahedral (O) and tetrahedral (T)) in 
face-centred cubic (fcc), hexagonal closed-packed (hcp) and 
body-centred cubic (bcc) structures.  The interstitials are 
shown as black dots. 

As the bulk modulus K0 usually depends only weakly on the hydrogen concentration, one can 
assume a nearly constant value for a given host metal. The elastic contribution to ∆H’ can be 
written then as –uelsx.  The origin of the elastic contribution is the decrease in the pvH term in the 
enthalpy when a negative pressure p = –vHx/v0 is produced, on an average, by the presence of 
hydrogen atoms.   

The second term of Eqn. (1.18), including all volume independent contributions corresponds 
to the electronic contribution mainly due to fact that the hydrogen atom brings the extra electrons 
into the lattice. 

One may expect that the electronic contribution consists of a term that depends only on the 
total number of extra electrons and acts uniformly over the crystal, and the rest depends on local 
electronic states and becomes effective at shorter distances.  The simplest picture would suggest 
that the sole action of extra electrons is to fill the states at εF of a rigid band of a host metal and then 

the mean-field contribution to ∆H’ can be written as [ ]∫
−

x

F dxN
0

1)(ε . However, a more careful 

examination reveals that a more sophisticated approach than a simple band-filling picture is 
required and a short-range repulsion between hydrogen atoms has to be considered.  Obviously, the 
interactions regarded should be those acting between more than two hydrogen atoms [12]. 

 

1.2.2. Effects on the structural, electronic and magnetic properties: U-H and UTX-H 

The crystal structure of hydrides depends on the matrix metal, H concentration, temperature 
and pressure. For the simplest structures of intermetallic hydrides (fcc, hcp, bcc) only two types of 
interstitial sites are occupied by hydrogen atoms – octahedral (O) sites and tetrahedral (T) ones. 

As it is seen in Fig. 1.7 only in the 
fcc lattice, T and O sites are surrounded by 
regular octahedron and tetrahedra of M 
atoms. In the hcp lattice both polyhedras 
may become distorted as the axis ration 
deviates from the ideal value of c/a = 
1.633. In the bcc lattice, heavily distorted 
octahedron surrounds an O site. 

In order to determine the positions of 
hydrogen atoms, X-ray diffraction (XRD) 
has to be supplemented by neutron 
diffraction. Usually neutron diffraction 
experiments are performed on deuterides 
because the coherent scattering cross 
section is much larger and incoherent cross 
section is much smaller in deuterides than 
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in hydrides. The sites occupied by hydrogen and deuterium atoms are mostly (but not necessarily) 
the same. 

To form a hydride, several criteria have to be fulfilled. The Westlake’s criterion states that the 
available interstitial sites must have a spherical volume with radius ≥ 0.4 Å [13-17].  The minimum 
H-H distance should be 2.1 Å. According to the “Shoemaker’s exclusion rule” two tetrahedra 
sharing the same face cannot be occupied simultaneously [18-19].  Despite the simplicity of these 
rules they provide a good background for the preliminary estimation of the probability of the 
formation of a stable hydride.  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.  

In the terms of electronic structure of metal hydrides, the hydrogen-induced states are formed 
below the Fermi level of a metal that can be filled with added electrons [20]. The hydrogen 
potential is more attractive than the metal-atom potential, electronic states of s-symmetry in a host 
metal are lowered in energy due to hybridization of the valence states with the s-states of hydrogen 
– each hydrogen atom added lowers one band that is partially filled.   Formation of states results 
from the hydrogen-metal bonding and the H-H antibonding interaction. The number of 
corresponding bands is usually equal to the number of hydrogen atoms in the unit cell. The extent of 
the overlap of these states with higher energy metal states depends on the energy difference 
between the metal and H orbitals and H-H distances; short H-H distances lead to an increase of the 
overlap due to a destabilization of the H-H antibonding states usually located at the top of the low-
energy H-derived bands. The Fermi level position of the hydride depends critically on the 
imbalance between the number of hydrogen induced new states created below the Fermi level of the 
pure metal and the number of additional electrons per unit cell brought by the hydrogen atoms [21]. 

 The changes of band structure due to hydrogenation lead to changes of magnetic properties 
and this is in particular pronounced for compounds with 5f elements [22].  In some cases it is 
possible even to describe the influence of hydrogen as a purely negative pressure agent.  From this 
point of view, hydrogenation leads to a narrowing of electronic bands as a consequence of the 
hydrogen induced increase in volume and, consequently, to the increase of magnetic moments 
and/or decrease of the degree of hybridization of magnetic electrons with ligand atoms or, in certain 
cases, with the atom of the same type. Moreover, the concentration fluctuation of H atoms over few 
atomic distances may frequently occur, leading to a difference in electron concentration between 
one site and the others so to a varying coupling strength. Hence a disturbance of the lattice 
periodicity takes place in the hydrides, reducing the mean free path of the conduction electrons. 
Magnetic moments of regular lanthanides, where in many cases the magnetic 4f electrons form 
ionic-like states, as a rule remain intact upon hydrogenation, and magnetic studies of hydrides 
indicate mainly the impact on exchange interactions.  The increase of inter-atomic spacing in rare-
earth intermetallics may affect the magnetic exchange not through the shrinking of a band width but 
mainly through the modification of the RKKY-type exchange, typically mediating 4f-4f 
interactions.  An exception is anomalous rare-earths (such as Ce) [23-24], which have the 4f states 
close to εF and the band picture can be considered.  More pronounced changes are observed for 
valence fluctuators in which the hydrogenation can stabilize the valence and lead to a magnetic 
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state. The participation of 5f orbitals to the bonding leads to a diversity of hydride phases and 
structures in the light actinides. In Pa and U, delocalized 5f electrons having a broad energy band, 
dip below the Fermi level, and together with strongly hybridized s-d electrons contribute to the 
bonding. In the heavy actinides, as more electrons are added, narrowing of the 5f band proceeds 
through Np and Pu and is almost completed in Am. The 5f electrons are localized and no longer 
participate in the bonding. The situation is very similar to lanthanides, where inter shell 4f electrons 
do not participate in the bonding. Thus many properties of heavy actinides follow the systematic of 
lanthanides [25].   

U-H 

It is worth seeing the influence of hydrogen on pure uranium metal in order to become 
convinced how dramatic changes upon hydrogenation might occur in the actinide compounds. 
Metallic uranium has three allotropic forms, α-U crystallizes in an orthorhombic structure type 
(space group Cmcm), it is stable up to 941 K and does not show a magnetic ordering, being a weak 
Pauli paramagnet with the value of magnetic susceptibility χ = 4.9×10-9 m3/mol at room 

temperature (RT).  β-U (tetragonal structure) is stable between 941 K and 1049 K, γ-U (body-
centered cubic structure) is formed above 1049 K up to the melting point. Two modifications of 
UH3 hydride were reported.  Both α-UH3 (low-temperature modification) [26] and β-UH3 (high-

temperature modification) [27-28] crystallize in a cubic structure (space group Pm3n). The α form 

is metastable, it frequently contains a mixture of α- and β-phases [29]. The U atoms in this phase 
form a bcc lattice (a = 4.160 Å), each U atom is surrounded by a slightly distorted isocahedron of 
hydrogen atoms with U-H distance of 2.32 Å. α-UH3 is a ferromagnet with an ordering temperature 

between 174 and 178 K. The crystal structure of β-UH3 (a = 6.631 Å) consists of two uranium 

sublattices. The uranium 2UI atoms are located in a bcc lattice (as that in α-UH3) and 6UII atoms at 

the positions of hydrogen in α-UH3. Each UI and UII atoms has 12 equidistant hydrogen neighbors 

(2.30 Å) forming in the case UI an isocahedron with the same symmetry as for α-UH3, while the 

hydrogen atoms around UII are arranged less symmetrically. The shortest U-U distance in the α-

phase is close to 3.6 Å and in the β-phase to 3.3 Å, both are much higher than the shortest U-U 

distance in α-U (2.80 Å). The metal-metal distance in the face chains is only 3.31 Å, and band 
calculations showed that there should be major f-f overlap of the 5f functions for this distance, 

whereas the bcc sublattice seems to be the most likely candidate for local magnetic moments. β-
UH3 is also a ferromagnet with TC in the range between 170 and 181 K.  The measured P effective 
moment µeff = 2.44-2.97 µB is below the expected value for the localized 5f 3 (U+3 – 3.62 µB) or 5f 2 

(U+4 – 3.58 µB) state.  It was shown by calculations that both α-UH3 and β-UH3 structures favour f-

electron bonding with the hydrogen states, β-UH3 more so than α-UH3 [30].  The photoemission 
studies indicated the itinerant character of magnetism in UH3 [31].  Due to the lack of saturation, 

the data of spontaneous magnetic moment (µS) for β-UH3 exhibit a considerable scattered value 

(0.87-1.18 µB), while the neutron diffraction gives a moment of 1.39 µB [22].  This is obviously a 

consequence of a rather high magnetic anisotropy.  The electronic specific heat coefficient of β-

UH3 (γ  = 28.5 mJ/mol K2 [32]) is nearly by a factor of three larger than that of metallic uranium.  
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UTX-H 

UTX is one of the most extended family of uranium ternary compounds. Majority of these 
compounds crystallize either in the hexagonal ZrNiAl-type (space group P-6m2) of structure or the 
orthorhombic TiNiSi-type (space group Pnma). Some members of this family with T = Al, Si, Sn  
and X = Co, Ni, Ru, Rh, Pd were investigated for hydrogen absorption. Results of the studies are 
compiled in Table 1.1. The effects of hydrogenation can be diverse. Even a small amount of 
hydrogen as 0.06-0.14 H/f.u. can destabilize the hexagonal structure of UNiAl and converts it into 
the orthorhombic form (TiNiSi-type), causing the volume contraction by about 3 %. Those hydrides 
do not order magnetically. An opposite transformation from orthorhombic TiNiSi-type to the 
hexagonal ZrNiAl-type brings a small decrease of the volume by about 0.64 % reported in 
HoNiSnD0.67 [33]. Hydrides of UNiAl with the composition of 0.7-2.3 H/f.u. remain hexagonal but 
expanded even up to 12 % [34]. The hydride of UNiAl with a lower H concentration of 0.7 H/f.u. 
orders ferromagnetically below 87 K. For a higher H concentration, the Nèel temperature (TN) 
increases from 19 K reported for pure UNiAl, up to 94-117 K in UNiAlH2.0-2.3. The incorporation of 
hydrogen in UTSi compounds like UCoSi, UNiSi or UPdSi crystallizing originally in the TiNiSi-
type of structure, not only expands anisotropically the crystal lattice (∆V/V ≈ 7-8 %), but also 
removes the distortion, and the hydrides adopt the hexagonal ZrBeSi-type of structure [35]. The full 
hydrogenation of UCo(Al, Si) compounds and the related volume expansion are not sufficient to 
induce a magnetic ordering.  U(Ru,Rh,Pt)Si do not absorb detectable amount of hydrogen up to pH2 
= 130 bar and at T = 923 K [35]. 

Based on the rare-earth (R) ternary compound as LaNiSnD2 [37-38] with a similar structure 
transformation upon hydrogenation as reported for UTSi compounds [35], it was found that one 
type of D/H positions, surrounded by R3T in tetrahedral co-ordination, is occupied. This means that 
the deuterium atoms in the ZrBeSi-type of structure tend to occupy the 4f (1/3, 2/3, z) sites (Fig. 
1.9). Atoms and their positions for LaNiSnD2 in both orthorhombic and hexagonal settings are 
presented in the Table 1.2 and in the Figs. 1.8-1.9. The theoretical maximal occupation of each 
trigonal prism with rare-earth atoms in the corners and T atoms in the centre (forming two R3T 
tetrahedra sharing the vertex - T atom) leads to 2 H/f.u. The shortest interatomic distance between 
deuterium atoms is then dD-D ≈ 2.78 Å. A similar position of the deuterium atoms inside the U3Co 
tetrahedra was reported for hydrogenated/deuterated uranium ternary compounds, e.g. UCoSnD0.6 
with the ZrNiAl-type of structure (4h (1/3, 2/3, z) site) [39].   

 



Theoretical and experimental aspects 
1.2.2.  Effect on the structural, electronic and magnetic properties: U-H and UTX-H 

 

22 

 

 

 

Table 1.1. Basic properties of known UTX hydrides/deuterides. 

UTX UTX-H/D 

ZrNiAl-type 
Ground 

state 
TC/TN 
(K) 

TiNiSi-type ZrNiAl-type ∆V/V 
(%) 

Ground 
state 

TC/TN 
(K) 

UCoAl* P(SF) - 

UNiAl % AF /19 

UNiAlH 0.06 
UNiAlH 0.14 
UNiAlH 0.58 

 
 

  
 
 

UNiAlH 0.7 
UNiAlH 2.0-2.3 

-2.7 
-2.6 
3.8 
6.5 

≈12.4 

P 
P 
P 
F 

  AF 

- 
- 
- 

87/ 
/94-117 

UCoSn$ F 82/ 
UCoSnD0.6 

UCoSnH1.4 
 

3.3 
3.2 

F 
F 

104/ 
102/ 

URuSn$ F 54/ 
URuSnD0.6 

URuSnH1.4 
 

2.8 
1.2 

F 
F 

55/ 
51/ 

 

TiNiSi-type 
Ground 

state 
TC/TN 
(K) 

TiNiSi-type ZrBeSi-type ∆V/V 
(%) 

Ground 
state 

TC/TN 
(K) 

UCoSi$ P - 
 UCoSiHx<0.1 

 
 

 
UCoSiH1.4 
UCoSiH1.2 

- 
6.5 
6.1 

- P 

UNiSi$ F 85/  UNiSiH1.0 8.0 F 98/ 
URuSi* P(SF) - 

- 
URhSi* F 9.5/ 
UPdSi$ AF /31  UPdSiH1.0 7.0   AF /46 
UPtSi* AF /50  - 

 

HoNiAl-type 
Ground 

state 
TC/TN 
(K) 

HoNiAl-type ∆V/V 
(%) 

Ground 
state 

TC/TN 
(K) 

UPdIn# UAF /20 UPdIn0.7 2.7 AF /80 
* No hydrogen absorption 
%[34] 
$ [35] 
# [36] 
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Table 1.2. Atoms, their positions and coordinates for LaNiSnD2 [37-38]. 
Orthorhombic settings Hexagonal settings 

Atom Position Coordinates Atom Position Coordinates 
La 4c 0.9995(6), 1/4, 0.7473(4) La 2a 0, 0, 0 
Ni 4c 0.2544(6), 1/4, 0.4177(9) Ni 2c 1/3, 2/3, 1/4 
Sn 4c 0.2424(4), 1/4, 0.0780(7) Sn 2d 2/3, 1/3, 1/4 
D1 4c 0.9331(10), 1/4, 0.0966(22) D 4f 1/3, 2/3, 0.4365(3) 
D2 4c 0.5597(10), 1/4, 0.0873(23)  

 
 

 

 
 

 
 
 

 

Fig. 1.8. The unit cell of LaNiSnD2 represented in the 
orthorhombic settings. 

Fig. 1.9. The unit cell of LaNiSnD2 represented in 
the hexagonal settings. 
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1.3. U-based compounds: state of the art 

1.3.1. UTGe compounds 
 

UTGe is one group of the large family of UTX compounds (T – transition metal, X – p-
element). The typical type of structure for UTGe compounds is the orthorhombic TiNiSi-type, 
which is built of distorted trigonal prisms U6 centered either by X or by T atoms (space group 
Pnma, atomic positions U – 4c (xU; 0.25; zU); T – 4c (xT; 0.25; zT); X – 4c (xGe; 0.25; zGe)). It is an 
ordered variant of the CeCu2 structure considered as a distortion of the hexagonal AlB2 structure. 
The U atoms themselves are arranged in zig-zag chains of nearest neighbours along the a direction 
and the U-U in-chain spacing is the shortest one (Fig. 1.10). 

 

 

 

 
 

 

Fig. 1.10. Schematic representation of the TiNiSi-type of structure of UTGe compounds. The a-c projection. The 
unit cell containing the four formula units indicated in red colour. 

 

UTGe compounds show a large variety of magnetic properties such as paramagnetism down 
to the lowest temperatures and/or AF or F order. The formation of magnetic ordering is affected by 
the pseudo-one-dimensional structure, zig-zag chains (along the a-axis) of U atoms. The shortest U-
T and U-Ge distances (< 3 Å) may suggest an importance of hybridization between the U atoms and 
the ligands in the delocalization of 5f states. The extremely strong magnetocrystalline anisotropy, 
with the a direction as the general hard anisotropy direction, can be related to the a-axis alignment 
of the U chains, whereas the dU-U between the chains is larger than the value within the chain. 
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UFeGe 

UFeGe is an exception in the UTGe family as it has a monoclinic distortion (space group 
P21/m, atomic positions are shown in the Table 1.3) with respect to the common orthorhombic 
TiNiSi-type of structure [40]. The lattice parameters for UFeGe (at RT) are: a = 6.986(1) Å, b = 
4.308(1) Å and c = 6.992(1) Å, α = 93.71°, dU-U = 3.415 Å. The similarity between UFeGe- and 

TiNiSi-types of structure is evident considering the 
coordination polyhedra around the Fe2 and Ge1 
atoms surrounded by a trigonal prism of U atoms 
and similarly in the case of Fe1 and Ge2 atoms. 
The high-T XRD measurements performed up to 
600 K confirmed a structural transition from the 
RT monoclinic UFeGe-type to the orthorhombic 
TiNiSi-type  above 500 K with lattice parameters 
a = 6.828(2), b = 4.259(1) Å and c = 7.286(2) Å. 

The electrical resistivity measurements revealed a broad maximum around 80 K leading to a 
speculation about the magnetic ordering below 80 K in this compound [40]. The high-T part of 
resistivity displays a decreasing tendency in contrary to the data published two years later in Ref. 
[41]. The magnetic susceptibility χ(T) data shows a weak paramagnetism in UFeGe, χ(T) reaches a 

value of about 3×10-8 m3/mol. A broad maximum detected by dc susceptibility around 80 K is 
interpreted as due to SF. The P susceptibility is well described by the Curie-Weiss (CW) law with 
µeff = 3.3-3.9 µB/U and the P Curie temperature Θp ≅ - 600 K. 

 

UCoGe 

UCoGe was first reported to crystallize in the orthorhombic CeCu2 structure type with the 
lattice parameters a = 6.843 Å, b = 4.205 Å, c = 7.227 Å [42]. Later the TiNiSi structure type (space 
group Pnma, a = 6.852 Å, b = 4.208 Å, c = 7.226 Å) was specified [43]. Studies of magnetic 
properties of UCoGe suggested that it is a paramagnet at least down to 1.3 K. The high field 
magnetization revealed a tendency to saturation in the whole range of magnetic field and reached 
the value of 0.6 µB/f.u. at the highest field of 35 T. The electronic specific heat value γ = 65 

mJ/(mol⋅K2) is rather high. Recently, a coexistence of a weak ferromagnetism and 
superconductivity was reported for the polycrystalline sample leading to the conclusion that UCoGe 
is a weak itinerant ferromagnet (TC ≈ 3 K) with a small ratio of ordered moment (µ0 ≈ 0.03 µB) to 

the effective moment (µeff ≈ 1.7 µB/f.u) [44]. Metallic ferromagnetism coexists with 
superconductivity in this sample below 0.8 K at ambient pressure. For the high quality single 
crystals of UCoGe, the magnetization data reveal an uniaxial ferromagnetism with an order moment 
(µ0 ≈  0.06 µB) pointing along the orthorhombic c-axis. The annealed single-crystalilne samples of

Table 1.3. Atomic coordinates for UFeGe. 

Atom Position x y z 
U1 2e 0.0224 0.25 

0.25 
0.25 
0.25 
0.25 
0.25 

0.7219 
U2 2e 0.5095 0.8046 
Fe1 2e 0.3560 0.4500 
Fe2 2e 0.7542 0.0537 
Ge1 2e 0.1999 0.1141 
Ge2 2e 0.7174 0.4087 
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UCoGe show a F order at TC ≈ 2.8 K and superconductivity is observed below Tsc ≈ 0.65 K [45]. As 
an example, the temperature dependence of magnetization and electrical resistivity of annealed 
single-crystalline sample is shown in the Figs. 1.11 and 1.12. 

 

 

In such weak itinerant ferromagnets, a superconducting phase transition is supposedly not 
mediated by phonons, but by magnetic fluctuations associated with a magnetic QCP. Similar to 
other 5f systems with f-band susceptibility to external parameters, UCoGe was also found to be 
easily tunable by hydrostatic pressure. For the polycrystalline sample it was found that the 
ferromagnetism is suppressed by applying a high pressure and that no indication of F order was 
observed above 1 GPa. Superconductivity has been observed up to the highest measured pressure of 
p = 2.4 GPa [46]. In the case of single crystal UCoGe, the ferromagnetism is suppressed and 
vanishes near pc = 1.4 GPa whereas superconductivity is enhanced and survives in the P phase up to 
at least 2.2 GPa [48]. The temperature dependence of ac susceptibility of single-crystalline UCoGe 
measured at different pressures is shown in Fig. 1.13. The pressure-temperature phase diagram of 
UCoGe is presented in Fig. 1.14. The suppression of the magnetism by pressure in itinerant 
magnets is generally understood to be due to a band broadening effect. 

 

  

 
Fig. 1.11. Temperature dependence of magnetization of 
annealed single-crystalline sample of UCoGe measured in 
the magnetic field of 0.01 T applied along the principal 
axes [45]. 

 Fig. 1.12. Temperature dependence of electrical 
resistivity of annealed single-crystalline sample of 
UCoGe [45]. 
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Fig. 1.13. Temperature dependence of ac susceptibility 
of single-crystalline UCoGe measured at different 
pressures [47]. 

 Fig. 1.14. Pressure-temperature phase diagram of 
UCoGe [47]. 

 

UNiGe 

UNiGe crystallizes in a structure type similar to that of UCoGe, originally reported to be the 
CeCu2-type [42]. However, the proper structure of this compound is the TiNiSi-type with the lattice 
parameters a = 6.999 Å, b = 4.236 Å, c = 7.200 Å [40]. UNiGe exhibits two AF phase transitions, 

after the more noticeable one at TN ≈ 42-44 another one was discovered, marking the transition to 

an incommensurate AF phaseat about 50 K [48]. χ(T) above 60 K obeys the CW law with µeff = 

3.01, 2.97 and 2.93 µB/f.u. along the a-, b- and c-axis, respectively, indicating that µeff  moment is 

practically isotropic.  However, respective Θp are strikingly different: Θa
p = -126 K, Θb

p  
=

 -4 K, and 

Θc
p = 34 K, testifying one very hard magnetization direction (a-axis) and a moderate anisotropy in 

the b-c plane. The γ-value is estimated between 23 and 27 mJ/(mol⋅K2). The magnetization data 
obtained in high magnetic fields up to 35 T also confirm the magnetocrystalline anisotropy of an 
easy-plane type (the b-c plane). For the magnetic field applied along the c-axis, two metamagnetic 
transitions are induced at 3 and 10 T. The critical field of 10 T causes a metamagnetic transition to a 
field-induced ferromagnetic (FIF) state with non-negligible AF a-axis component. Magnetization 
reaches the value of 1.3 µB/f.u. in 11 T and 1.47 µB/f.u. in 35 T. When the field is applied along the 
b-axis, two metamagnetic transitions appear in higher fields (17 and 25 T, respectively). In this 
case, the magnetization does not saturate and reaches the value of 1.45 µB/f.u. in 35 T [7,49]. 
Neutron diffraction performed on a UNiGe single-crystal indicated a collinear structure with 
magnetic moments within the b-c plane modified by the a-axis of alternating sign. Within the b-c 
plane, the U magnetic moment makes an angle of approximately 17° with the c-axis and the canting 
angle out of the plane has been determined as 21° [48]. 
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URhGe 

URhGe crystallizes in the orthorhombic TiNiSi-type of structure with the lattice parameters 
a = 6.876 Å, b = 4.333 Å, c = 7.513 Å [50]. Similarly to UNiGe, URhGe was first reported to 
crystallize in an orthorhombic CeCu2 type of structure [42]. This compound was classified as a 
weak itinerant ferromagnet with TC ≈ 9 K and µS of about 0.5 µB/f.u.. 1/χ(T) is well described by 

the modified Curie-Weiss (MCW) law, yielding  µeff ≈ 1.8 µB/f.u. and  Θp = -1.2 K. Magnetization 
measured in fields up to 4 T did not achieve a saturation.  Superconductivity was detected in 
particularly purified single crystals (Tsc ≈ 0.25 K [51]). The p-wave superconductivity mediated by 
critical magnetic fluctuations associated with a field-induced spin-reorientation process was 
suggested [52]. The neutron powder-diffraction experiments at low T revealed a non-collinear F 

structure with a F component of 0.43(2) µB along the c-axis and an AF component of 0.26(2) µB 
along the a-axis [53]. At low T, the specific heat is characterized by the electronic contribution of 
the F spin fluctuations with a linear term of γ = 164 mJ/mol⋅K2 [54]. URhGe is also characterized by 
a strong magnetocrystalline anisotropy. In the P region, the easy-magnetization direction is found 
along the b-axis, whereas the hard-magnetization axis is parallel to the a-axis [55]. At high T, χ(T) 

is approximated by the CW law, yielding µa
eff = 2.56 µB/f.u., µb

eff = 2.94 µB/f.u., µc
eff = 2.83 µB/f.u. 

and Θa
p = -328 K, Θb

p = -134 K, Θc
p = -125 K. One can conclude that while the anisotropy within 

the b-c plane is small, the anisotropy within the a-b and a-c is quite high reaching about 200 K. The 
value of TC is estimated to be 9.6 K. The magnetization values along the b- and the c-axis are much 
higher than that for the a-axis direction. At T = 2 K, µs along the b- and c-axis are estimated to be 

0.346 and 0.214 µB/f.u., respectively, whereas the moment along the a-axis is only field induced. In 
contrast to previous powder neutron-diffraction experiments, the results obtained on the single-
crystalline sample point to a collinear F order of U moments of 0.35 µB confined to the b-c plane, 
and with no component along the a-axis. Pressure applied tunes the system more far away from the 
QCP raising the TC and decreasing the superconducting transition temperature [56].  

UPdGe 

UPdGe also crystallizes in the TiNiSi-type of structure with the lattice parameters a = 7.050 
Å, b = 4.358 Å, c = 7.596 Å. Originally the CeCu2 of structure was also suggested for this 
compound [42]. It undergoes two magnetic phase transitions, at 50 K and 28 K, respectively. 
Specific heat measurements on the polycrystalline sample revealed a first-order-type magnetic 
phase transition at TC ≈ 33 K and a second-order-type one at TN ≈ 50 K. The electronic specific heat 

coefficient is estimated to be 17 mJ/mol⋅K2 [57]. In the P range, 1/χ(T) is described by the MCW 

law, yielding µeff ≈ 2.9 µB/f.u. and Θp = 28 K. µS is estimated to be 2.1 µB/f.u. [42-43]. The 
anisotropy of magnetization measured on a single crystal of UPdGe is found to be very large [58]. 
The magnetization measured at T = 4.2 K (i.e. in the F state) gives µs of 0.35, 0.85 and 1.11 µB for 
magnetic fields applied along the a-, b- and c-axis, respectively. The large anisotropy is also 
observed in the AF state. The magnetization curves measured along both the a- and c-axis at           
T = 40 K exhibits one metamagnetic transition, while that measured along the b-axis shows two 
transitions. Neutron-diffraction investigations allowed to determine a sinusoidally modulated AF 
structure between 28 and 50 K, and a collinear F structure below 28 K. The total U moment, 
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estimated from the low-T magnetization data obtained on a single crystal, reaches the value of 
1.37 µB/f.u. at T = 4.2 K [57]. The results obtained in Ref. [59] indicated that the low-T structure of 

UPdGe is the b-axis F with the U moment determined at T = 5 K of about 1.5 µB/ U. 

UIrGe 

UIrGe, another member of the UTGe family crystallizes in TiNiSi-type of structure with the 
lattice parameters a = 6.836 Å, b = 4.291 Å, c = 7.562 Å [50], although this compound was 
originally classified to crystallize in the orthorhombic CeCu2 type of structure [42]. All 
investigations performed on a polycrystalline sample of UIrGe have pointed to the existence of AF 
order below TN = 16-18 K. The transition is confirmed by the maximum in χ(T) and by a sharp peak 

in the C/T vs. T curve accompanied by a dramatic reduction of the γ-value from 145 to 18 mJ/(mol 
K2) across the transition from the high- to the low-T phase and a dramatic resistivity drop below 17 
K. Magnetization measured at T = 4.2 K exhibits clearly two metamagnetic transitions at 13 T and 
19 T [50]. The P range of 1/χ(T) is well described by MCW law with µeff ≈ 2.0µB and Θp = -29 K 
[42]. Magnetic measurements on single crystals of UIrGe revealed a large magnetic anisotropy with 
the hard magnetization direction along the a-axis [60]. For magnetic fields applied along the b- and 
the c-axis, metamagnetic transitions are observed at 21 T and 14 T, respectively [61]. At T = 2 K, 

the magnetization jumps of 0.36 and 0.28 µB along the b- and c-axis are larger than those reported 
earlier [60]. The anomaly in the specific heat, related to the magnetic-phase transition, shifts to 
lower temperatures with increasing magnetic field.  This effect is considerably stronger in fields 
applied along the c-axis. In zero field, the magnetic ordering is represented by a λ-type anomaly 
which gradually becomes less sharp with increasing magnetic field up to 7 T. For the magnetic field 
larger than 7 T, the anomaly becomes more symmetric and gradually broadened. A similar trend is 
observed for the field applied along the b-axis for the field values extended above 14 T. The 
antiferromagnetism has been confirmed by neutron-diffraction experiments on the single crystal. 
The magnetic structure of UIrGe is non-collinear and commensurate with the crystallographic unit 
cell. The ordered U magnetic moment is strongly reduced (0.36 µB/U at 1.8 K) compared with 
values expected for U3+ or U4+ ions [62]. Neutron diffraction data [61] revealed the AF component 

along the a- and the c-axis of about 0.18(8) µB and 0.27(2) µB, respectively, slightly different than 
those reported recently [62]. No effect from the magnetic field of 14.5 T applied along the a-axis on 
the AF structure was observed. Applying the magnetic field along the c-axis causes a metamagnetic 

transition to a FIF state, above which the F c-axis component is about 0.45 µB. 
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1.3.2. U-Fe system 
 

In transition metals, the existence of the d-electrons is the origin of the magnetic properties. 

Pure Fe appears in four allotropic forms as given in the Table 1.4 [63]. α-Fe orders 

ferromagnetically below 1044 K, the saturated moment per Fe-atom is 2.22 µB. 
 

Table 1.4. Temperatures, pressures, lattice constants, the atomic volumes 
of different phases of Fe. 

 T (K) p (bar) Phase a (Å) c (Å) V 
(Å3) 

Fe 293 K 1 α, b.c.c. 2.866 - 11.78 

1183 K 1 α, b.c.c. 2.904 - 12.25 

1183 K 1 γ, f.c.c. 3.647 - 12.12 

1663 K 1 γ, f.c.c. 3.687 - 12.53 

1663 K 1 δ, b.c.c. 2.932 - 12.6 

296 K 1.3⋅105 α, b.c.c. 2.801 - 10.43 

296 K 1.3⋅105 ε, h.c.p. 2.468 3.956 11.03 

 
U-Fe system with 5f electrons of U and 3d electrons of Fe provides an unique combination of 

a potentially large orbital moment with strong electronic hybridization effects between the extended 
5f states and the strongly magnetic 3d states. One of examples of such compounds is UFe2 with a 
relatively high TC = 162 K and very small total U magnetic moments (µU = 0.01 µB), as a 
consequence of the cancellation of spin and orbital moment. Iron magnetic moment  is also reduced 
to  µFe = 0.60 µB due to a strong 5f-3d hybridisation [64]. Fe-excess (off-stoichiometric UFe2+x 
compounds with x > 0) is expected to increase TC value markedly.  However, it is difficult to 
prepare the Laves phase with an Fe excess. The quenching technique did not work . An attempt was 
made using a ball milling [65], which led to enhancement of TC to 207 K in amorphous UFe2+x 
sample. The ultrafast cooling (splat cooling) method allowed to incorporate more Fe into the Laves 
phase [66-67]. A nanocrystalline material was obtained up to the stoichiometry UFe2.3, with the 
excessive Fe atoms entering the U sublattice. TC was enhanced up to 230-240 K in this case. More 
Fe leads to the segregation of α-Fe. 
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1.3.3. U-Pu system 
 

Pu lies on the verge of localization, and exhibits the most complex behaviour [1]. The 

room temperature phases (α-plutonium) crystallizes in the monoclinic-type of structure with 

16 atoms per unit cell. At T = 395 K, it undergoes a phase transition to more complicated β-

phase with 34 atoms per unit cell. From the other phases the face centred cubic δ-phase is the 
most prominent, as it is stabilized down to T = 0 by several percent by doping with Al, Ce, or 

Ga. It has its atomic volume expanded by 26 % compared to the α-phase. The γ-value for this 

phase is strongly enhanced to 53 ± 10 mJ/mol⋅K2 in comparison to γ  = 22 ± 10 mJ/mol⋅K2 for 

the α-phase. The Kondo effect was speculated in δ-Pu with the characteristic Kondo 
temperature (TK) higher than the room temperature. 

Two phases exist in the U-Pu phase diagram at low T. About 10% Pu can be dissolved 
into orthorhombic α-U (Fig. 1.15). In addition, a mysterious ζ-U-Pu phase exists over a 
certain composition range (35-70 % U) around the middle of the U-Pu phase diagram [68]. So 
far only structure data existed for these phases. The cubic (rhombohedrally distorted) ζ-U-Pu 
phase, the structure details of which have not been resolved for a long time, has 10 

different crystallographic positions, 
randomly occupied by U and Pu [69]. 
Mapping it onto the systematics of Pu 
allotropic phases, its volume fits about 

half way between α- and β-Pu. The 
volume density of 18.55 g/cm3 [68] is 

compared with 17.70 g/cm3 for β-Pu 

and 19.92 g/cm3 for α-Pu. The case of 
the volume much smaller than that of 

δ-Pu is quite interesting, however 
recent theoretical analyses suggest 
that it is not volume but the 5f 
occupancy, which decides about the 
type of ground state in Pu system [70]. 

Moreover, the β-Pu phase seems to be 
the most strongly correlated system 
[71]. Besides the fundamental 
interests, a related mostly to realistic 
description of Pu-based systems, the 
ζ-phase is an important part of metal 
nuclear fuels. 

 
 
Fig. 1.15. Phase diagram of Pu-U system [68]. 
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                          Experimental techniques 

 

2.1. Sample preparation  

 

Pure UTGe compounds 

Polycrystalline samples of UTGe (T = Fe, Co, Ni, Rh, Pd, Ir, Pt) compounds were 
prepared by melting stoichiometric amounts of pure elements in a mono-arc furnace under 
protection of an argon atmosphere. Every sample was turned and re-melted at least three times 
to achieve a better homogeneity. A heat treatment was only necessary for UCoGe in order to 
improve the quality of the samples according to the results from [45]. The as-cast pieces were 
wrapped in Ta foil and annealed in quartz tubes under a high vacuum, for the first series for 

21 days at 800° C (UCoGe no. 1) and in the second series for 24 h at 1200° C and 20 days at 

950° C (UCoGe no. 2). The single crystal of UCoGe used for the high-p experiments has been 
grown in a mirror furnace from a precursor with the stoichiometry U1.01Co1.0Ge1.0 (the 

superconducting sample with Tsc ≈ 0.4 K) by J. Pospíšil. 

U-Pu samples 

The Pu containing samples were synthesized and treated in glove boxes. All the 
experiments were done at Institute for Transuranium Elements (ITU), Karlsruhe, Germany 
within the Actinide Userlab program. We synthesized two samples with concentrations 
U59Pu41 and U41Pu59  by arc melting. The as-cast pieces were annealed for 24 h at 600 oC and 
14 days at 300 oC. 

U-Fe films 

UFe2+x films were obtained by DC sputter deposition in an Ultra-High Vacuum (UHV) 
chamber (base pressure better than 10-10 mbar) from U and Fe targets onto Si (111) and fused 
silica (SiO2) substrates kept at RT. Also, these actions were  undertaken at ITU, Karlsruhe, 
Germany. The co-sputtering from the two U- and Fe-targets allows the stoichiometry control. 
Sputtering time was in the range from 10 min. to about 3.5 h. A simple scheme of the sputter 
deposition technique is shown in Fig. 2.1. The primary stochiometry of the films, before 
exposing the films to air, was estimated using the in-situ X-ray photoelectron spectroscopy 
(XPS) and then by the ex-situ (samples exposed to air) Rutherford backscattering 
spectroscopy  (RBS) and finally by electron microprobe analysis (Table 2.1).  

CHAPTER 2 
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Fig. 2.1. Schematic illustration of the sputter deposition system used in ITU. The Ar gas pressure is 
typically 10-2 mbar. The plasma is stabilized in a small volume by means of a heated W filament with 
a tunable negative bias.  
 

Table 2.1. The composition (x) and thickness (d) of UFe2+x amorphous 
films estimated from combined XPS, electron microprobe and RBS 
analysis. 

Sample number x ≈ d ≈ (nm)  Sample notation 
I 2.0 450 UFe4.0/Si(111) 
II 2.0 310 UFe4.0/SiO2 
III 6.0 + α-Fe 370 UFe8.0/Si(111) 
IV 0.3  520 UFe2.3/SiO2 
V 0.7       75 UFe2.7/SiO2 
VI 0.7  900 UFe2.7/SiO2 
VII 1.0 120 UFe3.0/SiO2 
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Fig. 2.2.  Scheme of the hydrogenation equipment 
(high-pressure part): 1 – reactor; 2, 11 – furnaces; 
3, 10 – vacummeters; 4 – LaNi5H6 container; 5, 8, 
9 – valves; 6 – vacuum pump; 7 – temperature 
control units. 

 

Fig. 2.3.  Time dependence of the hydrogen pressure 
monitored during the hydrogenation process for 
UNiGe. Respective steps are described in the text. 
The experiment was performed with experimental 
volume of 89.2 cm3 and sample mass of 360 mg. 

2.2. Hydrogenation 

The synthesis of hydrides, performed by exposure of intermetallic compound to H2 gas, 
was preceded by the preparation of respective intermetallic compounds.  The samples were 
first prepared by arc-melting of the stoichiomeric amount of metals of purity at least 99.9% 
under argon atmosphere.  The preliminary check of the composition by estimation of weight 
losses and was followed by a standard powder XRD analysis.   

For the hydrogenation, the bulk 
material was crushed into submillimeter 
particles and loaded in a reactor for 
hydrogenation.  Fig. 2.2 shows a schematic 
drawing of the hydrogenation equipment.  
Prior to H2 gas exposure, the surface of the 
powder was activated by heating up to 
T = 523 K for 2 h in dynamic vacuum 
(p < 1·10-6 mbar) in order to desorb surface 
contaminants.  Exposure of the activated 
material to H2 gas and subsequent thermal 
treatment followed.  The synthesis conditions 
for every type of sample were optimized. The 
maximal pressure applied was ≈ 160 bar and 
the thermal cycling typically up to 773 K was 
performed.   

Under such conditions, hydrides of UFeGe, UCoGe, UNiGe, URhGe, UPdGe, UIrGe 
compounds were synthesized.  In the case of U(Fe,Co,Ni)Ge,  lower H2 pressure was 
sufficient.  In addition, an α-hydride of UCoGe was synthesized at the hydrogen pressure of 

0.5 bar and T = 773 K, a β-hydride could be 
obtained already at the H2 pressure of 5 bar. 
Similar conditions were applied to UNiGe, 

pH2 = 2 bar allows to synthesize the β-
hydride with rather high-H concentration. 
As an example, the time dependence of the 
hydrogen pressure throughout the whole 
synthesis run for UNiGe is presented in the 
Fig. 2.3. The hydrogenation process of 

UNiGe at pH2 ≈ 2 bar consists of 4 steps.  
The first step marked in the plot as a) 
corresponds to a buildup of the H2 pressure, 
obtained by the desorption process during 
heating of LaNi5H6 container. Hydrogen  
atoms are released and recombine to  
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Fig. 2.4. Decomposition curve of UNiGe 
hydride performed in closed volume 136.7 cm3. 
The blue line shows the temperature, the red 
line shows the pressure. 
 

form H2. When the pressure is close to the desired value, in our case pH2 = 2.015 bar, the 
valve no. 8 is closed and we start a thermal cycling of the reactor with the sample, step b)-d)). 
In the case of UNiGe a weak increase of pressure is observed up to 473 K (b) and the 
hydrogen absorption is registered by a pressure drop (c) down to 1.945 bar. At T = 510 K the 
hydrogen pressure rises again to 2.066 bar at T = 773 K (d). The thermal cycling process is 
repeated. 

To quantify the amount of absorbed hydrogen, samples of hydrides (mass 50-100 mg) 
were decomposed in a vacuum in a closed volume by heating up to 773 K or 873 K in the 
case of the UNiGe hydrides. For this purpose the low-p part of the hydrogen equipment was 
used. The decomposition process consists of three stages. The first one corresponds to the 
linear heating of the reactor up to 773/873 K with the heating rate of 4 K/min. We observe an 
increase of the pressure due to a release of hydrogen from the sample. When the temparature 
reaches the maximum the system is kept at this stage for several minutes. Afterwards the 
heating system is turned off and the T decreasees. The cooling of the whole system can lead in 
some cases to a small re-absorption of H2 gas. Therefore we undertake a second desorption 
cycle, after pumping out all released hydrogen. The amount of H released in the second cycle 
does not exceed more than few percents of the amount released  in the 1st cycle.  

By the amount of hydrogen released in a calibrated volume the stoichiometry of the 
hydride 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.  The hydride material is typically a fine powder. Consequently, we were restricted 
in the further analysis to XRD, magnetic measurements, Mössbauer spectroscopy on 
randomly oriented powder.  Additional treatment was necessary to make samples suitable for 
specific heat measurements. 
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Fig. 2.5.  The high pressure facility at ITU. 

2.3. X-ray diffraction (XRD) 

XRD analysis for the pure and hydrogenated UTGe compounds at RT and ambient 
pressure were performed using a XRD-3003 Seifert diffractometer and the commercial Bruker 
D8 Advance diffractometer with Cu-Kα radiation (λ = 1.54056 Å) in a step regime (step of 

0.02º for 2θ). The Rietveld analysis of the diffraction data was performed using the FullProf 
program.  

The goal of the XRD experiment is to identify crystal structures of compounds. The 
simple explanation of the observed Bragg peaks at angles θ of the diffracted beams from a 
crystal based on the constructive interference of scattered waves. This means that the 
diffracted rays are found only when the reflections from the parallel planes of atoms are in 
phase. It can be occurred if the difference in path length is equal to an integer times the 
wavelength λ. The condition for constructive reflection of the incident beam is verified by the 
Bragg law: 

 
2d sin θ = nλ                                                       (2.1) 

 
where n is the order of diffraction and d the interplanar spacing. 

The measured intensity as a function of the scattering angle 2θ yields information of the 
spacing between planes of atoms in the crystal structure, as well as the sites of the atoms 
within the unit cell.  The relative intensity of the diffraction peaks is mainly governed by the 
structure factor Fhkl  given by 
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2exp π                                        (2.2) 

where h, k, and l are the Miller indices of the scattering plane and u, v, and w are the reduced 
position indices of the N atoms in the unit 
cell. The atomic scattering factor fn is a 
measure for the ability of an atom to scatter 
X-rays, relative to that of a single electron. 
The scattered intensity I is proportional to 
|Fhkl|

2. 

The high-pressure XRD experiments 
for UCoGe was performed at RT and 
pressures increasing gradually up to 30 GPa 
using a modified Bruker D8 diffractometer 
installed on a molybdenum rotating anode 
source with focusing mirror optics (Fig. 2.5). 
High-p XRD data were collected using Mo-
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Fig. 2.6.  MDAC 

Kα radiation (λ = 0.70926 Å) on a Bruker Smart APEX II detector at ITU, Karlsruhe, 
Germany. The diffraction images were processed using the ESRF FIT2D software and the Le 
Bail analysis was performed using the FullProf software suite.  

The powder (obtained actually by crushing a tiny piece of 
UCoGe single crystal) was used for the high-p experiment. A 
minute amount of powder sample was inserted into a 200 
micron pre-drilled hole of an Inconel gasket (mainly Ni) and 
loaded into a membrane diamond anvil cell (MDAC, Fig. 2.6) 
together with a ruby chip as a manometer and silicone oil as a 
pressure transmitting medium.  Pressure is determined using the 
ruby luminescence method. The shift of the λ1,2 doublet shows a 
nearly linear relation with pressure:  

( ) ( )
365.0

nm
GPa

λ∆
=p                                (2.3) 

where p represents the pressure in GPa, and ∆λ 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. 

Low-T XRD data of UNiGe and its hydride: UNiGeH1.0, were collected using Siemens 
D5000 difractrometer (Cu-Kα radiation: Kα1 = 1.5405 Å and Kα2 = 1.5456 Å) equipped with 
the helium cryostat: CF 1108T OXFORD Instruments and the temperature controller: ITC 
502 Oxford Instruments (Faculty of Physics and Applied Computer Science, AGH University 
of Science and Technology, Kraków, Poland). Low-T XRD data of UIrGe were obtained on 

Siemens D5000 diffractometer (Cu-Kα radiation) equipped with the low-T chamber Oxford 
Cryogenics (Department of Condensed Matter Physics, Charles University, Prague, Czech 
Republic). Data were analysed using the FullProf software. 

High-T (up to 773 K) XRD data of UCoGe hydride (UCoGeH1.7) were collected using 

Philips X’Pert Pro MPD diffractometer (Cu-Kα radiation) equipped with MRI high-T heating 
(Department of Condensed Matter Physics, Charles University, Prague, Czech Republic). 

Crystal-structure refinement 

The crystal-structure refinement, based on the analysis of XRD patterns obtained in step 
regime. Its main purpose is to obtain the calculated profile in a good agreement with the 
experimental data. A number of computing programs are applied, which are based on the 
Rietveld algorithm, including FullProf software suite. For the Rietveld fit a structural model is 
required and Fhkl is computed from this model. This method provides information on lattice 
parameters, atomic coordinates, coefficients of the occupancy of particular positions, overall 
or individual isotropic thermal parameters. Moreover, it can give approximate estimation of 
strain and stress effects. A simpler model of crystal structure refinement based on the Le Bail 
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analysis without requiring any structure model. This method yields only basic information as 
the cell parameters, estimates the best possible fit in the case of irregular profiles, refines the 
background and the peak shape. In order to use this method of refinement one has to modify 
the Rietveld code to set all Fhkl(calc) = 1. 

In the Rietveld refinement, a mathematical model is assumed to represent the 
experimental patterns. In particular, when a structural model is available, then the intensity 
yobs(i) observed at the i th step may be compared with the corresponding intensity ycalc(i) 
calculated via the model. Calculated counts ycalc(i) are determined by summing the contribution 
from neighbouring Bragg reflections as Lp(j) is the Lorentz-polarization-multiplicity factor for 
the reflection j, Fhkl(j) is the structure factor, x = 2θ(i) – 2θ0(j) , where 2θ0(j) is the calculated 
position of the Bragg peak corrected for the zero-point shift of the detector, and g(x) is the 
reflection profile function, A(j) is the asymmetry function, T(j) is the transmission factor, P(j) 
describes the preferred orientation of the sample, s is a scale factor plus the background: 

bkg(i))()()(

2

j
hkl(j)(j)pcalc(i) )( yPTAxgFLsy jjj += ∑                         (2.4) 

According to the Rietveld refinement, the model may be refined using the standard method 
called a least-squares refinement (Iwg = 0 in the code): 
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where the weights of the observations w(i) are calculated as: 
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σpeak(i) is the standard deviation associated with the peak (usually based on the counting 

statistics) and σbkg(i) is that associated with the background intensity ybkg(i). 

In the refinement, an important parameter is the peak shape function, we usually choose 
the Pseudo-Voigt function pV(x) (Npr = 5 in the code), which satisfactorily fits the physically 
broadened line profiles: 

g(x) = pV(x)                                                       (2.7) 

pV(x) = ηL(x)+(1-η)G(x)                                            (2.8) 

η  = η0 + X⋅2θ(i)                                                    (2.9) 

where L(x) is the Cauchy (Lorentz) function and G(x) is the Gauss function, η is the mixing 
parameter, which prescribes the fractions of Cauchy and Gauss components included, X is the 
Lorentzian isotropic strain parameter.  



Experimental techniques 
2.1.  X-ray diffraction (XRD) 

 

40 

 

1

2

21
)(

−








 +=
Γ

x
xL                                                     (2.10) 








 ⋅−= 2

22ln
exp)(

Γ

x
xG                                                  (2.11) 

Γ  is the full width at half maximum (FWHM) of the line: 
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where U, V, W are the half-width parameters refine during the refinement, AG is the 
anisotropic gaussian contribution of microstrain, IG is the isotropic size parameter of gaussian 
character (STR = 0 in the code). 

In the case of crystal structure refinement used for the low temperature XRD data of 
UNiGe and its hydride: UNiGeH1.0 the Thompson-Cox-Hastings pseudo-Voigt function was 
used. 

The Rietveld methods allows to refine up to 8 phases simultaneously (Nph in the code), 
background (automatically or manually), excluded regions of possible impurity or 
inhomogeneity of the profile (Nex in the code). The parameters to adjust by refinement 
include unit cell, atomic positions and thermal parameters, and parameters defining the 
functions g(x) and ybkg(i). 

The quality of the agreement between observed and calculated patterns is measured by a 
set of the conventional Rietveld R-factors, based on Eqn. (2.5). The most meaningful is the 

Bragg one:  
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more than on the profile parameters [72]. The values Iobs(j) are obtained by partitioning the raw 
data in accordance with the Icalc(j) values of the component peaks. 

Although XRD is a convenient tool for immediate registration of lattice modification 
due to hydrogenation, the main disadvantage of the method 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 an alternative method had to be chosen for the determination of 
hydrogen positions. 

 

 

 

 



Experimental techniques 
2.4.  Rutherford backscattering spectroscopy (RBS) 

 

41 

 

2.4. Rutherford backscattering spectroscopy (RBS) 

RBS experiments for UFe2+x thin films were performed at the Institute of Nuclear 
Physics of the University Frankfurt/Main, Germany. We used a 2 MeV 4He+ ion beam at a 
backscattering angle of 171o. The incident ion beam was directed along the normal to the 
sample surface. The beam current was about 20 nA. The beam spot on the target had a square 

shape of 1.0×1.0 mm2. For the data evaluation the computer code SIMNRA was used, taking 
into account the electronic stopping power data by Ziegler and Biersack, Chu+Yang’s theory 
for electronic energy-loss straggling and Andersen’s screening function to the Rutherford 
cross-section. 

RBS is an analytical technique used to determine the composition of materials by 
measuring the backscattering of a beam of high energy ions impinging on a sample. Basically, 
the incident beam impinges perpendicularly on a target. If the target is thin, the beam is 
transmitted through the target with only very little loss of particles. If the sample is thick, only 
the particles scattered backward by angles of more than 90o from the incident direction can be 

detected. If the impact factor (distance between projectile and nucleus) is small enough, α-
particle will be backscattered. Because of the small impact factor the repulsive Coulomb 
potential is very strong (Fc~1/r2). The energy value during the scattering process will be 
determined by the kinematic factor K = E1/E0,  where E0 is the energy of the incident beam. 
The kinematic factor can be expressed as [73]: 
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which means that the energy E1 of the scattered projectile is reduced from the initial energy E0 
by the kinematic factor (tabulated for each element). The probability of the backscattering 
event is described by the Rutherford cross section: 
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which depends on the pre-factor (Z1Z2e
2/4E)2, mass ratio (m/M) and the scattering angle (θ). 
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2.5. Magnetic measurements 

Magnetic measurements of synthesized hydrides and their precursors were done using 
the Quantum Design AC Measurement System (ACMS) option for the Physical Property 
Measurement System (PPMS) consisting of dc magnetometer and ac susceptometer. 
Additional measurements were performed on the Magnetic Property Measurement System 
(MPMS) with Superconducting Quantum Interference Device (SQUID) based detection 
system. PPMS and MPMS are installed at the Joint Laboratory for Magnetic Studies (JLMS, 
Prague, Czech Republic). The measurements of ac and dc susceptibility and magnetization 
curves of UTGe compounds and its hydrides were done on randomly oriented fixed powders 
(the mass of the samples was between 40 and 100 mg) in the temperature range 2-300 K. The 

high-field magnetization curves for UNiGe and its β-hydrides were measured, on powders 
fixed by cyanoacrylate glue, at T = 1.5 K in pulsed magnetic fields up to 60 T with a pulse 
duration of 20 ms at High-field Laboratory in Dresden, Germany. The magnetization was 
detected by the induction method using a coaxial pick-up coil system.  

Magnetic properties of UFe2+x films were studied in the temperature range 2-500 K by 
means of a Vibrating Sample Magnetometer (VSM) in the Quantum Design PPMS System 
(JLMS, Prague, Czech Republic). For the high-T measurement T > 300 K, the samples were 
fixed by the Zircar cement and tightly wrapped by the copper foil. The temperature 
dependence of magnetization was measured in the magnetic field of 0.1 Tesla. Exposure of 
the samples to higher temperature T > 500 K led to a degradation of the films by the 
oxidation, which is revealed by an abrupt, irreversible increase of magnetization, this is why 

we suspect the segregation of α-Fe. 

Magnetic properties of U59Pu41 and U41Pu59 alloys were studied by means of the 
Quantum Design SQUID magnetometer (ITU, Karlsruhe, Germany), using a long plexiglass 
container, sealed in a nickel-silver tube. 

Preparation to the magnetic measurement starts from installation of the ACMS insert 
into the PPMS sample chamber together with ACMS transport on top of the flange opening. 
The sample is held within the insert’s coilset on the end of a thin sample holder. 

ACMS insert consists of the copper drive and detection coils concentric with the 
superconducting dc magnet of the PPMS, thermometer, and electrical connections. During dc 
measurement a constant field is applied to the measurement area and a sample is moved 
quickly through the sets of coils inducing a signal in them according to the Faraday’s law (the 
extraction method). We have performed measurements in the temperature range from 2 to 
300 K, in an external magnetic fields up to 9 T or 14 T. 

During ac measurement an oscillating ac magnetic field is applied to the measurement 
area and the sample is positioned in the centre of each detection coil. Due to the presence of 
the sample, the applied field is alerted by the changing magnetic moment of the sample. The 
ac susceptibility of χac = dM/dH is described by both real χ′ and imaginary components χ′′, 
where the second one is proportional to the energy losses in the sample. This method allows 
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to examine the nature of magnetic phase transitions. Typically, the ac susceptibility diverges 
at the critical temperature of a phase transition and its value can be estimated from the real χ′ 
component.  

During the measurement prepared on the MPMS system, the magnetic flux induced by 
the movement of the sample through a superconducting detection coil coupled to the SQUID 
circuit is converted into voltage. The operation of MPMS system bases on the Josephson 
effect and the magnetometer works in the temperature range of 2-300 K and in applied dc 
fields up to ± 7 T. 

The measurement performed on PPMS using a VSM is accomplished by oscillating the 
sample near a detection coil and detecting the voltage induced by a changing magnetic flux. 
The time-dependent induced voltage is given by: 
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where Φ is the magnetic flux enclosed by the pickup coil, z is vertical position of the sample 
with respect to the coil, and t is time. For a sinusoidally oscillating sample position, the 
voltage is based on the equation: 

( )ftfCmAVcoli ππ 2sin2=                                                 (2.16) 

where C is a coupling constant, m is the dc magnetic moment of the sample, A is the 
amplitude of the oscillation, and f is the frequency of the oscillation. The acquisition of 
magnetic moment measurements involves measuring the coefficient of the sinusoidal voltage 
response from the detection coil. 
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2.6. Specific heat measurements 

Studied samples of UTGe compounds and their hydrides were obtained in the form of 
fine powder. In order to use the samples for the specific heat measurements one has to use the 
method of pressing the powder by a hydraulic press. In this case a special anvil cell was used, 
it allows to reach several hundred MPa, which is sufficient to produce thin and mechanically 
stable pellets. The heat capacity measurements are preformed using PPMS system in the 
temperature range 2-300 K (JLMS, Prague, Czech Republic). 

Specific heat experiment of U59Pu41 and U41Pu59 alloys was done on the PPMS 9 T 
equipment (ITU, Karlsruhe, Germany), using the relaxation method. The samples were in the 
form of small fragments covered by precisely defined amount of Stycast.  

In the PPMS Heat Capacity Options, the samples of mass around 10 mg or less and the 

size: 2.5×2.5 mm are mounted with a flat surface to the sample platform of calorimeter puck 
by a small amount of Apiezon N grease, which provides the required thermal contact. A 
platform heater and platform thermometer are attached to the bottom side of the sample 
platform. Small wires provide the electrical connection to the platform heater and platform 
thermometer, which measures the temperature of the sample platform and thus the 
temperature of the sample. The puck thermometer measures the temperature of the puck. In 
order to reduce the amount of gas in the sample chamber thus minimizes the path by which 
heat escapes the sample platform, the High-Vacuum option should be used. The puck with a 
sample is placed in the bottom of the chamber and just above the puck the contact baffle 
assembly with contact baffle is mounted. The contact baffle is equipped in a removable 
charcoal holder that screws into the bottom. It helps prevent helium from adsorbing on the 
sample platform when the temperature of the sample chamber is below 10 K. The temperature 
range can be extended below 0.4 K using the Quantum Design Helium-3 Refrigerator. 
Achieving such low T is possible if the pressure above the liquid helium (helium condenses at 
4.2 K at p = 1 atm) is maintained in the mTorr range and the sufficient thermal isolation is 
ensured. This system was used to measure the specific heat of UCoGe (Tsc ≈ 0.4 K) and its 
hydride. 

The Quantum Design Heat Capacity option measures the heat capacity at constant 

pressure, using the relaxation method: 
p

p dT

dQ
C 







= . Typical heat capacity measurement starts 

from the stabilization of the sample platform temperature (Tplatform) and the puck temperature 
(Tpuck) at some initial temperature. Power P(t) applied to the sample platform heater for a 
specified time interval causes the rise of sample platform temperature. After the power 
termination, the temperature of the sample platform starts to relax toward the puck 
temperature. During the measurement the sample platform temperature is monitored 
throughout both heating and cooling. The analysis of the raw data is preformed using simple 
models. The first one assumes that the sample and the platform are in perfect thermal 
coupling and at the same temperature during the measurement (Tsample = Tplatform). The total 
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Fig. 2.7. Calorimeter puck 

heat flowing by conduction is dQ = Ctotal⋅ dTplatform, where the total heat capacity of the sample 
and sample platform is defined as the amount of the heat energy needed to raise the 
temperature of the platform. Using the low of conduction one can write an equation: 
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                    (2.17) 

The solution of this equation is given by exponential function (Tplatform(t) ∝ const⋅e-t/τ) 

with a characteristic time constant τ = Ctotal/kwires called relaxation time needed by the sample 
to reach its initial temperature, kwires is the thermal conductivity linking the sample to its 

surrounding.  

If the sample is not in a good thermal contact with the 
sample platform producing a temperature difference 
between the two, the two-τ model is applied to measure 
the specific heat of the sample. This model simulates the 
effect of heat flowing between the sample platform and 
puck and between the sample platform and sample. 

Following equations evaluate two-τ model: 
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where kg is the thermal conductivity between the sample and sample platform due to the 
grease. Cplatform is the heat capacity of the sample holder and Ctotal(T) = Csample(T)  + 
Cplatform(T). 

In the two-τ model, the temperature of the sample changes exponentially with relaxation 

times τ1, τ2.   The first time-constant (τ1) represents the relaxation time between the sample 

platform and the puck, and the second time constant (τ2) represents the relaxation time 
between the sample platform and the sample itself. The heat capacity software determines 
which model best fits the measured data.  
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2.6. Mössbauer spectroscopy 

Magnetic properties of UFeGe, UFeSi and their hydrides were studied by 57Fe 
Mössbauer spectroscopy at the laboratory of Instituto Tecnólogico e Nuclear/CFMC-UL, 
Sacavém, Portugal. RT Mössbauer spectra for UFeGe and UFeSi were collected in 
transmission mode using a conventional constant-acceleration spectrometer and a 25 mCi 
57Co source in a Rh matrix; the velocity scale was calibrated using α-Fe foil. The absorbers 
were obtained by pressing the powdered samples into perspex holders. The spectra were fitted 
to Lorentzian lines using a non-linear least-squares method. In addition, low-T spectra for 
UFeGe and its hydride were collected using the MsAa-3 spectrometer at the Mössbauer 
Spectroscopy Division, Pedagogical University, Kraków, Poland. Absorber was prepared by 
mixing 40 mg/cm2 of UFeGe sample with the B4C carrier. Spectra were obtained at RT, 77 K 
and 4.2 K. Data were processed within transmission integral approximation as implemented in 
the MOSGRAF system. All shifts are reported versus RT α-Fe. 

Mössbauer spectroscopy is based on the Mössbauer effect, the phenomenon of the 
emission or absorption of a γ-ray photon without loss of energy due to of the recoil of the 
nucleus and thermal broadening [74].  

Hyperfine interactions 

The total interaction Hamiltonian for the atom in reference to the Mössbauer effect can 
be written as: 

MQ HHEHH ˆˆˆˆˆ
00 +++=                                              (2.20) 

where 0Ĥ represents all terms for the atom without the hyperfine interactions; 0Ê - Coulombic 

interaction between the nucleus and the electrons, QĤ  - electric quadrupole interaction, MĤ - 

magnetic hyperfine interaction. 

The 0Ê  Coulombic interaction alerts the energy separation between the ground state and 

the excited state of the nucleus, causing a slight shift in the position of the observed resonance 

line know as the the isomer shift δ. 

( ) ( ) ( )( )22222 00
5

2
eapw rrZe Ψ−Ψ−= πδ                                 (2.21) 

where rw , rp – radius of nucleus in excited and ground state Ψa (0)2 , Ψe(0)2 – density of 
electrons in place of nucleus for absorber and emitter. 

A nucleus with the spin quantum number greater than I = ½ has non-spherical charge 
distribution and the nuclear quadrupole moment Q. The electric field gradient at the nucleus is 
defined as the tensor Eij = -Vij = -(∂2V/∂xixj)(xixj = x, y, z) where V is the electrostatic potential. 
The interaction between the nuclear quadrupole moment and the electric field gradient is 
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Fig. 2.8. Schematic representation of possible 
quadrupole splitting for the 3/2 and 1/2 transition in 
57Fe. 

 

 

called the electric quadrupole interaction and the Hamiltonian describing this interaction is 
given: 
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where e is the charge of the proton, I is the nuclear spin and xz II
))

, and yI
)

are the conventional 

spin operators, η is the asymmetry parameter given: 

( )
zz

yyxx

V

VV −
=η                                                        (2.23) 

using the convention that | Vzz | > | Vyy | ≥ | Vxx | ensures that 0 ≤ η ≤ 1. 

Considering the case of the electric field gradient with axial symmetry i.e. Vxx = Vyy,  η = 0 the 
matrix elements for the nucleus of spin I are given: 
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zI
and 

'zI
are two different quantum states of the orientation and zz II 'δ

is a Krönecker delta. 
The energy levels can be given: 
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Instead of a single energy level one can consider a series of Kramers’ doublets identified by 

the | Iz | quantum number. In the case of I = ½ there is only one level, but for I = 2
3

 there are 

two eigenvalues of energy 
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,  shown in 

Fig. 2.8.  In the case of the lack of axial 
symmetry in the electric gradient interaction 
matrix element the energy levels is: 
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Fig. 2.9. Schematic representation of possible magnetic splitting 
for the 3/2 and 1/2 transition in 57Fe.  
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If there is at the nucleus a magnetic field, which can originate e.g. within the atom itself 
or crystal via exchange interactions or when the compound is placed in a magnetic field then 
the nuclear Zeeman effect will be occurred. The Hamiltonian describing the magnetic dipole 
hyperfine interaction is: 

HIHHM

rrrr ⋅−=⋅−= Ngµˆ µ                                        (2.28)   

where µN is the nuclear Bohr magneton, µ is the nuclear magnetic moment, I
r

is the nuclear 

spin, H
r

 the internal magnetic field, g is the nuclear g-factor. The eigenvalue of the 
Hamiltonian is:       

I

Hm
E I

M

µ−=            (2.29)                           

           
I

H
EM

µ−=∆            (2.30)                                

where mI is the magnetic quantum 
number representing the z 
component of I. In practice it 
means that the magnetic field 
splits the nuclear level of spin I 
into (2I + 1) levels (Fig. 2.9). 
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U-based compounds: results and discussion 
 

 

As mentioned in the Introduction, we are interested in various realizations of actinide 
magnetism. They include hydrides of U compounds as species for which the U magnetism 
can be tuned by H absorption. Other types of U-based systems are sputter deposited U-Fe 
films. Transuranium materials are represented by U-Pu alloys.  

Hydrogenation of U ternary intermetallics leads typically to a notable lattice expansion 
and modification of magnetic properties. This type of development was already indicated for 
some hydrogenated UTSi compounds (UCoSi-H, UPdSi-H, UNiSi-H) [75-76] obtained by 
direct synthesis from intermetallic precursors at a high H2 pressure (> 100 bar). Replacing Si 
by larger Ge provides larger interstitials, and the hydrogenation conditions may be more 
favorable due to purely geometrical conditions – the expanded interstitials can allocate 
hydrogen atoms more easily.   

UFe2 is the prominent example of combination of 3d and 5f magnetism in a compound 
with relatively high TC = 162 K. U-Fe system does not absorb detectable amount of hydrogen. 
In this case the magnetism in some extent can be stimulated by changing Fe concentration. 

In the case of U-Pu system, it is particularly interesting to investigate the magnetic and 
electronic properties of the ζ-phase, existing between 35 and 70 % U in Pu. A study of the 

diluted Pu in α-U may be useful considering the issue of the localization or the local magnetic 
moments of Pu and the role of the U-5f states.  

 

3.1. UTGe compounds and their hydrides 

UTGe compounds (stoichiometry 1:1:1) is one of the sub-groups of the extended family 
of UTX compounds (T – transition metal, X – p element). The transition metal component is 
selected from the second part of the 3d- (Fe, Co, Ni), 4d- (Rh, Pd) and 5d- (Ir, Pt) series. The 
X component was chosen from the group IVA of the periodic table, as Ge in this case. The 
other option for X can be Si. In this kind of compounds the hybridization, between the 5f and 
d-states is gradually reduced with increasing population of the transition metal d-electron 
states (the d-states of T are more filled than that in the pure elements). UTGe compounds 
crystallize mainly in the orthorhombic TiNiSi-type of structure (an exception is UFeGe 
adopting a monoclinically distorted structure called UFeGe-type). The U-U in-chain spacing 
in UTGe compounds can be expressed by the relation: 

CHAPTER 3 
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( ) ( )[ ]2U
2

UU 25.015.0 czad −±+=−                                            (3.1) 

where zU is the coordinate (internal parameter) of U atom and a, c are the lattice parameters. 

In the case of UFeGe the dU-U can be expressed as: 

( ) ( ) ( )( ) βzzxxacczzaxxd UUUUUUUU sin2 1212
22
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12UU −−−−+−=−               (3.2) 

where xU1, zU1 and xU2, zU2 are the coordinates of U1 and U2 atoms, respectively, a, c are the 

lattice parameters and β is the angle between a- and c-axes.  

The above mentioned UTGe compounds were found to absorb hydrogen, forming stable 
α- or/and β-hydrides. The exception is UPtGe. This compound does not absorb hydrogen up 

to pH2 = 160 bar and T = 773 K. In the case of UTGe hydrides, the label of an α-hydride is 
used to describe a solid solution of a small amount of hydrogen randomly distributed in the 
lattice. Such hydride adopts the most common type of structure reported for pure UTGe 
(TiNiSi-type of structure), slightly expanded. A β-hydride is the H-rich phase significantly 
expanded, adopting usually different type of structure than the pure compound (here the 
ZrBeSi-type of structure). 

The ZrBeSi-type of structure (space group P63/mmc) is closely related to the TiNiSi-
type, which can be considered as orthorhombically deformed hexagonal ZrBeSi-type of 
structure (superstructure to AlB2-type). Due to formal reasons, the crystal axes are 
interchanged between the hexagonal and orthorhombic structures. The simple relation 
between the lattice constants of these two structure types is: chex = aorth and ahex = borth = corth 
/ 3. 
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Table 3.1. 
Atomic coordinates for UFeGe. 

Atom Position x y z 
U1 2e 0.0190(1) 0.25 

0.25 
0.25 
0.25 
0.25 
0.25 

0.7212(1) 
U2 2e 0.5107(1) 0.8076(1) 
Fe1 2e 0.3323(3) 0.4367(3) 
Fe2 2e 0.7486(3) 0.0619(3) 
Ge1 2e 0.2076(2) 0.1215(2) 
Ge2 2e 0.7197(2) 0.3994(2) 

 

3.1.1. UFeGe-H 

UFeGe intermetallic compound was used as starting materials for hydrogenation. The 
hydride synthesis was performed at hydrogen pressures of 2, 96 and 156 bar and T = 773 K. 
Hydrides with the composition UFeGeH0.3 (pure α-hydride), the two-phase mixture 

UFeGeH0.3 and UFeGe2.0 (mixed α- and β-hydride) and UFeGeH1.7 (pure β-hydride), were 
obtained. The stoichiometry was determined by the decomposition in closed volume (thermal 
cycling of the reactor with the sample up to T ≈ 773 K).  

 

XRD studies 

The XRD patterns of UFeGe and its 
hydrides are shown in Fig. 3.1. The 
crystal structure Rietveld refinement of 
UFeGe provided the monoclinic crystal 
structure with RT lattice parameters a = 
6.977(1) Å, b = 4.305(1) Å, c = 6.983(1) 
Å, β = 93.7° (space group P21/m). 
Atomic positions and coordinates are 
presented in Table 3.1.  

An α-hydride of UFeGe with H content of 0.3 H/f.u. was successfully synthesised under 
pH2 = 2 bar and thermal cycling only up to 723 K (in order to avoid the structure 
transformation, which takes place at 773 K). The monoclinic symmetry was lifted to 
orthorhombic (TiNiSi-type), reaching 0.4 % of volume expansion, which is clearly the effect 
of hydrogen absorption. The expanded orthorhombic structure is stable at RT. The high-T 
phase of UFeGe is expanded by about 1.2 % with respect to the monoclinic phase, which 
means that the temperature effect is in a way stronger than the effect of hydrogen absorption 
in this case.  

During the hydrogenation process under pH2 = 96 bar, 80 % of the monoclinic phase 
was transformed into the hexagonal one (ZrBeSi-type), the rest (20 %) remained as the high-T 
phase of UFeGe, an estimation of the hydrogen content gave a value 1.7 H/f.u. in average. 
More detail analysis of the two-phase hydride reveals that both (a, b) lattice parameters are 
reduced by about 2.8-3.1 % while a significant expansion was observed in the c direction by 
about 7.2 %. The same effect on the lattice parameters was reported for the hydride 
synthesized at pH2 = 2 bar (UFeGeH0.3) (Table 3.2). The unit cell expansion reaches 1.3 %, 
which is probably the upper limit for the α-hydride. Estimated hydrogen content in both 
phases is 0.3 H/f.u.orth and 2.0 H/f.u.hex.  

In order to avoid the phase coexistence, the highest available hydrogen pressure of 
156 bar was applied to synthesize the pure β-hydride of UFeGe. The attempt was successful, 
yielding the hydride crystallizing in the hexagonal ZrBeSi-type of structure and exhibiting 6.0 
% of volume expansion. The H content was estimated to be 1.7 H/f.u.  
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For a comparison, the high hydrogen pressure of 140 bar was also applied on UFeSi. 
The parent compound crystallizes in the TiNiSi-type of structure with lattice parameters: a = 
6.996(1) Å, b = 4.061(1) Å, c = 6.857(1) Å and the volume V/f.u.= 48.70 Å3. The result of 
hydrogenation is also the two-phase hydride. In this case 70 % of the orthorhombic phase was 
transformed to the hexagonal one (ZrBeSi-type) with lattice parameters a = 4.044(1) Å, c = 
7.787(1) Å and a concomitant volume expansion of 13 % (V/f.u. = 55.15 Å3), the rest 
remaining as non-expanded orthorhombic phase. We can therefore conclude that no α-hydride 
can be observed. Apparently, the hydrogen pressure of 140 bar is not sufficient to synthesize a 
single-phase hydride of UFeSi.  

 

 

 

 

Table 3.2. 
Comparison of crystal structure and magnetic susceptibility parameters of UFeGe and its hydrides. Hydrogen 
pressure pH2, lattice parameters a, b and c, unit cell volume V per formula unit, relative lattice expansion ∆a/a, 
∆b/b and ∆c/c in the orthorhombic representation, ∆V/V, the shortest dU-U, dU-Fe, dU-Ge distances are given.  With 
respect to the orthorhombic unit cell the c lattice parameter of UFeGe was recalculated for the orthorhombic 
representation: corth = cmon ⋅ cos(90o-β)). 

 UFeGe UFeGeH0.3 2-phase mixture of UFeGeH1.7 

Structure 
type 

Monoclinic 
(β = 93.7 o) 

TiNiSi 
(orthorhombic) 

UFeGeH0.3 

TiNiSi 
(orthorhombic) 

UFeGeH2.0 

ZrBeSi 
(hexagonal) 

ZrBeSi 
(hexagonal) 

pH2 (bar) - 2 96  156  
a (Å) 6.977(1) 6.781(2) 6.802(9) 4.109(1) 4.176(1) 
b (Å) 4.305(1) 4.182(1) 4.172(9) - - 
c (Å) 6.983(1) 7.412(2) 7.470(9) 7.920(2) 7.337(2) 

V/f.u. (Å3) 52.33 52.55 52.99 57.93 55.42 
(∆a/a)orth (%) - -2.8 -2.8 13.2 5.2 
(∆b/b)orth (%) - -3.0 -3.1 -4.6 -3.0 
(∆c/c)orth (%) - 6.3 7.2 2.1 3.8 
∆V/V (%) - 0.5 1.3 10.7 6.0 
dU-U (Å) 3.45 3.45 3.56 3.96 3.67 
dU-Fe (Å) 2.35a 2.95 2.98 3.10 3.00 
dU-Ge (Å) 2.97b 2.91 2.91 3.10 3.00 

athe shortest distances between respective U2-Fe2 atoms. 
bthe shortest distances between respective U1-Ge2 atoms. 
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Fig. 3.1. Rietveld refinement of the XRD 
data of UFeGe and its hydrides, showing 
the observed (crosses) and calculated 
(line) diffraction patterns, reflection tick 
marks (vertical lines), principal Miller 
indices (hkl), and difference profile 
(lower line). The insets show the 
corresponding unit cells.  RB = 19.0 % for 
UFeGe, RB= 18.9 % for UFeGeH0.3, 
RB= 14.4 % for UFeGeH0.3 and RB= 6.8 
% for UFeGeH2.0 (2-phase mixture),  
RB= 9.2 % for UFeGeH1.7. 
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Magnetic measurements 

χ(T) of the parent UFeGe exhibits the broad maximum around 80 K, in a good 

agreement with [41]. As it is seen in Fig. 3.2, a small amount of F impurity with TC ≈ 160 K is 

present. It can be probably associated with UFe2, which has TC ≈ 160-170 K [77]. Also the 
small hysteresis loop seen in Fig. 3.3 is a sign of the F impurity, with concentration of the 
order of 0.1 % (assuming magnetization of impurity of the order of 1 µB/atom).  

 

 

Fig. 3.2. Temperature dependence of the magnetic 

susceptibility of UFeGe measured in µ0H = 3 and 6 T. 
Fig.  3.3. Hysteresis loop of UFeGe measured at T = 
2 K. 

 
In the case of UFeGe hydrides, the measured susceptibility increases markedly and 

becomes monotonously increasing with decreasing T (shown in Fig. 3.4 (a)-(d)). The broad 
maximum seen in UFeGe around 80 K vanishes. Measurements in various magnetic fields (2 
and 4 T) reveal a certain field dependence, setting up gradually below 300 K, where it is still 
relatively weak. Although such a situation is typical for F impurities, our case does not reveal 
any particular ordering temperature of the impurity or saturation of the impurity 
magnetization with decreasing T. The standard procedure for elimination of F impurities 
(magnetic susceptibility data obtained in two different fields were corrected for a F impurity 

using the formula: χcorr = (χ(H1)⋅H1 – χ(H2) ⋅H2)/(H1-H2)) yields a very flat χcorr(T) on the level 

of 2×10-8 m3⋅mol-1 for UFeGeH0.3 and 5×10-8 m3⋅mol-1 for UFeGeH1.7  followed only by a 

low-T upturn. Comparison of χcorr(T) (corrected for F impurity at T = 300 K) for all UFeGe 
hydrides and UFeSi hydride is shown in Fig. 3.4(d). 
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Fig. 3.5. Temperature dependence of ac 
susceptibility (real and imaginary part)  for UFeGe 

and its hydrides measured in zero external field µ0H 
= 0 T, using the frequency 80 Hz. 

  

  
 
Fig. 3.4. Temperature dependence of the magnetic susceptibility for UFeGe (measured in µ0H = 2 T) and 
UFeGeHx (measured in µ0H = 2 and 4 T) for (a) x = 0.3 (pure α-hydride), (b) two-phase mixture with x = 0.3 and 
x = 2.0 and (c) with x = 1.7 (pure β-hydride). (d) Comparison of χcorr(T) for UFeGe hydrides and UFeSiH0.3. The 
filled points represents the χcorr(T) for the hydrides. 

 
 
More insight can be obtained from the ac 

susceptibility measurement, which shows only 
a broad anomaly with maximum between 100 
and 150 K for UFeGeH1.7 and between 150 
and 200 K for UFeGeH0.3 (Fig. 3.5). This type 
of measurement is normally selectively 
sensitive to an onset of ferromagnetism, 
forming a sharp peak at TC. Our case indeed 
indicates a broad distribution of F objects with 
variable TC, which can be perhaps understood 
as due to a distribution of small “F impurity” 
clusters. We can assume that this impurity can 
be related to the UFe2-x (x = 0-0.3) compound 
[77]. However, if we  calculate the 
concentration of this kind of impurity, 
knowing that µs of the UFe2 single crystal is 1 

µB/f.u. or less [78], and the remanent 
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magnetization is 0.024 µB/f.u. for UFeGeH1.7 (seen in Fig. 3.6), we find that the 
ferromagnetism  corresponds  only to a small fraction of the sample (2-4 %). The 
magnetization curves of UFeGeH1.7 and UFeGeH0.3 measured at 2 K indeed form hysteresis 
loops with estimated magnetization of ≈ 0.04 µB/f.u. and 0.01 µB/f.u., respectively. The 
relatively high ordering temperatures (or magnetization-freezing temperatures of the clusters) 
reaching RT suggest a dominant contribution of the Fe-3d magnetism. The fact that µs is not a 
bulk feature it is further corroborated by 57Fe Mössbauer spectroscopy (see next section). The 

comparison of χ(T) for UFeGe, UFeSi and their hydrides measured in the field of 2 T is 
shown in Fig. 3.7. 
 

 
Fig. 3.6. Magnetization curves of UFeGe, its hydrides 
and UFeSiH0.3 measured at T = 2 K. 

Fig. 3.7. Temperature dependence of magnetic 
susceptibility for UFeGe and their hydrides measured 

in µ0H = 2 T. Data of UFeSi were taken from Ref. 
[79].  

 
Pure UFeSi similarly to UFeGe shows no signs of magnetic order, however the broad 

χ(T) maximum around 80 K observed along the a- and c-axis is reminiscent of SF behaviour 
[79]. In the case of hydride of UFeSi (UFeSiH0.3) we observed exactly the same scenario as 
for UFeGeH1.7. The measured susceptibility increases (see Fig. 3.7), the broad maximum seen 
in UFeSi is not observed in the hydride. χ(T) measured in various magnetic fields (2, 4 and 8 
T) reveals field dependence, pointing to a high-T F impurity with TC > 300 K.  

 
Specific heat studies 

Specific heat study performed down to T = 0.4 K does not indicate any trace of a phase 
transition in UFeGe or its pure β-hydride (Fig. 3.8). In the normal metallic system, the 

specific heat at low T can be approximated by C = γT + βT 3. The linear extrapolation of Cp/T 

vs. T2 dependence to T = 0 K leads to an estimation of the γ coefficient about 12(1) mJ/mol⋅K2 

for the parent compound. The γ coefficient of specific heat is connected with the DOS at εF 
via the relationship: 

2
2

)(
3 BF kN επγ =                                                     (3.1) 
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The fitting was done in the T2 range between 4 and 50 K2 (shown by solid lines in Fig. 
3.9). The data above 50 K2 deviate from linearity. The values of γ of UTGe compounds (e.g. 

T = Ni, Pd, Pt) are between 17 and 25 mJ/mol⋅K2 [57]. UFeGe has the lowest reported γ-value 
among the UTGe family. This fact can be understood as due to the strong 5f-ligand 
hybridization leading to the 5f-band broadening. In addition, the monoclinic distortion can be 

driven by a tendency to reduce the DOS around εF. 

The inspection of data in the Cp vs. T representation reveals the Debye temperature θD = 
270 K. Typically the Debye temperature of UTGe compounds is lower than 300 K. The 
highest reported one is θD = 260 K for UNiGe [80]. In the case of UFeGeH1.7 the linear fit of 

the Cp/T vs. T2 data between 4 and 300 K2, yields γ  = 36(1) mJ/mol⋅K2, which indicates a 5f-

band narrowing and an increase of the DOS at εF. The Debye model does not describe well 
the Cp(T) for the hydride. It may be due to an additional entropy related to vibration modes of 
H in the lattice and possible H diffusion above T = 200 K. 

 

  
Fig. 3.8. Temperature dependence of specific heat for 

UFeGe and its β-hydride. The inset shows the 3He 
measurement on UFeGe, proving the absence of any 
phase transition down to 0.4 K. 

Fig. 3.9. Cp/T vs. T2 representation including the linear 

extrapolation to T = 0 K for UFeGe and its β-hydride. 
The solid lines for the hydride are described in text.  

 

Mössbauer spectroscopy studies 

Mössbauer spectra for UFeGe and its hydride collected at RT, T = 77/80 K and 
T = 4.2 K are shown in Figs. 3.10 and 3.12-3.13.  RT Mössbauer spectrum of UFeSi was also 
collected for comparison (Fig. 3.10). Mössbauer spectra were fitted using in the case of 
UFeGe and its hydride two quadrupole doublets, while one quadrupole doublet for UFeSi. 
The hyperfine parameters extracted from the fit are given in the Table 3.3. In UFeGe as well 
as in its hydride there is no magnetic hyperfine field Bhf at the Fe atoms even at the 
temperatures as low as 4.2 K. For UFeGe two different values of isomer shift (IS) and the 
quadrupole splitting (QS) were reported. The values of relative areas (I) of the iron 
contribution on each crystallographic site are comparable.  
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In the UFeGe spectrum, the presence of two quadrupole doublets corresponds to the 

existence of two different crystallographic sites of Fe. It is worth stressing that the QS value 
smaller than 1.00 mm/s is characteristic for a metallic system, while the value of the QS value 
greater than 1.00 mm/s is more typical for insulators. As it is seen from the Table 3.3 in the 
case of UFeGe, the QS value of 1.57 mm/s is exceedingly high as the system is found to be 
metallic. Fig. 3.11 shows the unit cells of both UFeSi and UFeGe compounds together with 
the nearest coordination polyhedra of Fe atom. The nearest atomic environment of Fe atoms 
in 4c position (TiNiSi-type of structure) can be considered as a tetrahedron consisting of four 
silicon atoms (Fig. 3.11(a)). In the case of UFeGe, the iron atoms occupy 2e position. 
However the atomic environment of Fe1 and Fe2 is slightly different (Fig. 3.11(b)). Most 
likely the weaker QS appears on Fe1 site, as the iron atom is placed in a more symmetric 
environment (inside the tetrahedron consisting of three Ge2 atoms and one Ge1 atom) 
similarly to the iron atom in UFeSi.  This assumption is supported by comparable values of 
the QS on 2e-Fe1 site and 4c site in UFeSi. The Fe2 atom although surrounded by germanium 
atoms is not located inside the tetrahedron as in the case of Fe1 and Fe in UFeSi, but a bit 
below its plane. The second coordination polyhedron is a distorted trigonal prism consisting 
of three U1 and three U2 atoms. Since the Fe atoms in the hexagonal (ZrBeSi-type) structure 
occupy single crystallographic (2c) sites, one would expect that the Mössbauer spectra at 
different T consist of a single contribution.  

Table 3.3. 
Estimated hyperfine parameters from the Mössbauer spectra: isomer shift IS relative to metallic α-Fe, 
quadrupole splitting QS, line-widths Γ and relative areas I of the Fe contribution on each crystallographic site. 
Estimated errors for IS, QS, and Γ are ≤ 0.01 mm/s and for I < 1%. Line-width for UFeSi is the total line-width 
due to the Lorentzian approximation, while for the remaining spectra fitted within transmission integral 
approximation the line-width is the intrinsic absorber line-width. 

 Position T (K) IS (mm/s) QS (mm/s) Γ (mm/s) I (%) 

UFeSi 4c 300 0.08 0.50 0.26 100  

UFeGe 

2e-Fe1 
300 

0.21 0.53 0.17 54  

2e-Fe2 0.03 1.50 0. 6 46  

2e-Fe1 
77  

0.34 0.55 0.20 54 

2e-Fe2 0.16 1.69 0.18 46 

2e-Fe1 
4.2 

0.34 0.54 0.16 51 

2e-Fe2 0.17 1.70 0.17 49 

UFeGeH1.7 
2c 
 

300 0.1  
0.44 0.27 27 

0.93 0.20 73 

80 0.26 
0.47 0.26 25 

0.97 0.21 75 

4.2 0.27 
0.50 0.28 27 

0.98 0.22 73 
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Fig. 3.10.  57Fe Mössbauer spectra of (a) UFeSi and (b) 
UFeGe taken at room temperature.  The calculated fits are 
shown by solid lines. 

Fig. 3.11. The unit cell of (a) UFeSi and (b) 
UFeGe together with the nearest coordination 
polyhedra. 

 
 
Two quadrupole doublets are however necessary to fit the spectra (Fig. 3.13 and Table 3.3). 
Both doublets have similar IS. Presence of H atoms in the vicinity of Fe atoms seems not to 
influence IS, so the Fe-H interaction must be weak. The differences of the observed IS 
between the monoclinic UFeGe and the hexagonal UFeGeH1.7 are most probably only due to 
structural effects. In the hydride all Fe atoms are lying in the proximity of Ge atoms (2.40 Å), 
they are not placed inside the Ge-tetrahedra, but a bit below one of their faces. The second 
coordination polyhedron is a trigonal prism consisting of U atoms with Fe located in the 
middle (dU-Fe ≈ 3.00 Å). Two different QS values are observed in the hydride (Table 3.3), 
which can be attributed to different hydrogen coordination numbers of the Fe atoms on the 
same crystallographic site.  
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Fig. 3.12. 57Fe Mössbauer spectra of UFeGe taken at 
(a) 300 K, (b) 77 K and (c) 4.2 K.  The calculated fits 
are shown by solid lines. 

 
Fig. 3.13. 57Fe Mössbauer spectra of UFeGeH1.7 
taken at (a) 300 K, (b) 80 K and (c) 4.2 K.  The 
calculated fits are shown by solid lines. 

 
 Assuming a similar location of H atoms in the present UFeGeH1.7 compound, we can 

calculate the probability of finding one, two or zero H atoms inside the U6Fe trigonal prisms. 
Considering a random distribution of H atoms, the binominal distribution model can be 
applied:   

 

( ) mm yy
mm

mP −−
−

= n
n 1

)!n(!
!n

)(                                          (3.2) 

 
where n = 2, is the maximal number of nearest H-neighbours of Fe atoms, Pn(m) with m = 0 
or 1 or 2, is the probability of finding m nearest H-neighbours of Fe atoms, and  y is the 
fraction of the possible sites occupied by H atoms (y = 1.7/2 = 0.85 for UFeGeH1.7).  The 
probability of finding two nearest H-neighbours of Fe atom is 0.72 and the probability of 
finding one nearest H-neighbour is 0.25, which is in a good agreement with the relative areas 
I of the Fe contributions estimated for each quadrupole doublet in the spectra of the hydride 
with the H concentration of 1.7 H/f.u.  

A long-range magnetic order of the Fe sublattice at low-T is definitely excluded by 
57Fe Mössbauer spectroscopy, for both UFeGe and its hydride. The increase of IS with 
decreasing T that is usually observed in Fe systems due to the second order Doppler effect 
[74].  
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Discussion and conclusions 
 

The 5f states in the pure UFeGe are strongly affected by the 5f-d hybridization, which is 
responsible for the non-magnetic ground state.  The shortest distance between the U2-Fe2 
atoms (≈ 2.35 Å) is very small in comparison to e.g. UFe2 with dU-Fe ≈ 2.93 Å. As given by 
electronic structure calculations [41], the strong hybridization is then responsible for the 
suppression of the magnetism. The dU-U is just at the boundary of the Hill limit.  

The hydrogenation of P UFeGe changes the type of crystal structure from the UFeGe-
like monoclinic to the orthorhombic (TiNiSi-type) or the hexagonal (ZrBeSi-type) one. The 
increase of dU-U (up to 3.67 Å) and other types of interatomic spacings are not sufficient to 
induce a real magnetic order, only an enhancement of susceptibility. This fact was confirmed 

by the low-T Mössbauer experiment for β-hydride of UFeGe (i.e. UGeFeH1.7), which showed 
no stable moments within the Fe sublatttice. Although Fe occupies only one crystallographic 

site in the β-hydride, two different values of the QS were observed due to a different H 
coordination. The probability of finding two H atoms as the nearest neighbours of Fe atom is 
three times larger than that in the case of one H occupying U6Fe trigonal prism. The magnetic 
clusters with probable Fe magnetism dominancy can be observed in the hydrides. 
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3.1.2. UCoGe-H 

The synthesis of UCoGe hydrides was performed at hydrogen pressure from 0.5 up to 
140 bar and at  T = 773 K.  The phase composition of the initial samples and of hydrides was 
checked by XRD. A small amount (1 %) of impurity phase (U3Co4Ge7) was detected. The 
stoichiometry of the hydrides was determined by the decomposition in closed volume 
(thermal cycling of the reactor with the sample up to T ≈ 773/673 K) see Fig. 3.14.   

  

  

  

 

 

 
 
Fig. 3.14. Thermal decomposition curves for UCoGe hydrides obtained by the first thermal cycling of the 
samples in close volume up to T = 773/673 K. Solid/dashed lines represent the pressure/temperature (right/left 
axis) values with respect to the time. In the case of (d), (e) and (f) plots, the arrows (1) and (2) indicate the two-

step decomposition of the two-β-phase hydrides. 
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Fig. 3.15. Rietveld refinement of the XRD data of UCoGe, showing the 
observed (crosses) and calculated (line) diffraction patterns, reflection 
tick marks (vertical lines), principal Miller indices (hkl), and difference 
profile (lower line). The inset shows the corresponding unit cell.  
RB = 17.1 % for UCoGe. 
 

We present first the results obtained on the UCoGe no. 2. An applied hydrogen pressure 
of 0.5 bar resulted in an α-hydride with the hydrogen content of 0.1 H/f.u. Higher H2 pressure 
of 1.2 bar yielded the two-phase mixture of UCoGeH0.1 (12 %) and UCoGeH1.6 (87 %), the 
hydrogen content in average is 1.4 H/f.u.  The H2 pressure of 2 bar was already sufficient to 

synthesise almost the pure β-hydride of UCoGe (95 %) with 1.7 H/f.u., 4 % of the phase was 

recognised as the α-hydride (UCoGeH0.1). Other attempts of hydrogenation of UCoGe at     

pH2 = 5, 135 and 140 bar yielded two-β-phase hydrides with H content in average: 1.6, 1.6, 
1.0 H/f.u., respectively. An interesting fact is that two tries of hydrogenation of UCoGe at the 
highest available H2 pressure brought completely different results. 

 
 

 

XRD studies  

 

The XRD patterns for 
UCoGe and its hydrides are 
presented in Figs. 3.15-3.17.   
Pure α-hydride of UCoGe 
synthesised at pH2 = 0.5 bar 
crystallizes in the TiNiSi-type 
of structure. Formation of this 
hydride is accompanied by a 
strongly anisotropic lattice 
expansion (∆a/a = 0.04 %, 

∆b/b = -0.14 %, ∆c/c = 0.33 
%), implying an increase of the 
unit cell volume (∆V/V = 0.23 
%). 
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Fig. 3.16. Rietveld refinement of the XRD 
data of UCoGe hydrides, showing the 
observed (crosses) and calculated (line) 
diffraction patterns, reflection tick marks 
(vertical lines), principal Miller indices 
(hkl), and difference profile (lower line). 
The insets show the most intense 
peak/peaks of the hexagonal/orthorhombic 
structures. RB = 14.7 % for pure 
UCoGeH0.1 (upper plot), RB = 9.2 % for 
UCoGeH1.6 and RB = 28.6 % for 
UCoGeH0.1 (middle plot), RB = 10.1 % for 
UCoGeH1.7 and RB = 29.5 % for 
UCoGeH0.1 (lower plot). 
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Fig. 3.17. Rietveld refinement of the XRD 
data of UCoGe hydrides, showing the 
observed (crosses) and calculated (line) 
diffraction patterns, reflection tick marks 
(vertical lines), principal Miller indices 
(hkl) for both hexagonal phases in 

brackets (black) for more expanded β-

phase and (grey) for less expanded β’-
phase, and difference profile (lower line). 
The insets show the most intense 
peak/peaks of the hexagonal structures.  
RB = 11.2 % for β-phase of UCoGeHx and 

RB = 27.5 % for β’-phase of UCoGeHx 

(upper plot), RB = 16.0 % for β-phase of 

UCoGeHx and RB = 30.2 % for β’-phase of 
UCoGeHx (middle plot), RB = 40.0 % for 

β-phase of UCoGeHx and RB = 16.8 % for 

β’-phase of UCoGeHx (lower plot). 
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 XRD for a two-phase hydride (mixed α- and β-phase) formed at pH2 = 1.2 bar  
confirmed the formation of UCoGeH1.6 with the hexagonal ZrBeSi-type of structure. 

The H2 pressure of 2 bar allowed to obtain almost a pure hexagonal β-hydride. The 

crystal lattice of UCoGeH1.7 expands anisotropically (∆a/a = 15.7 %, ∆b/b = -2.9 %,            

∆c/c = -2.1 %) with the unit cell volume expansion of 10.7 %. 

As mentioned above, hydrogenation at higher H2 pressure of 5, 135 and 140 bar 

surprisingly resulted in a mixture of two somewhat a different hydride phases. Besides the β- 

phase there is another phase with a different type of expansion, which we call here the β’-
hydride. It also crystallizes in the ZrBeSi-type of structure. XRD for the hydride obtained at 

pH2 = 140 bar confirmed the formation of this phase in 89 %, while 10 % remained as the β-

hydride (Fig. 3.20 (lower panel)). The unit cell volume of the β’-hydride is expanded by about 

6.4 % (∆a/a = 9.8 %, ∆b/b = -2.0 %, ∆c/c = -1.4 %), i.e. less than the β-hydride. In the case of 
another high-p hydride of UCoGe obtained at pH2 = 135 bar, the relative content of the 
hexagonal phases is opposite (Fig. 3.17 (middle panel)). XRD confirmed the existence of      
63 % of the β-phase and 36 % of the β’-phase. The relative content of all phases indentified in 
UCoGe hydride is summarized in the Table 3.4. The relationship between the TiNiSi-type of 
structure and the two-β-phase hydride crystallizing in the ZrBeSi-type of structure is 
illustrated in Fig. 3.18.  

 
 
 
 
 

 

 
Fig. 3.18. The relationship between the unit cells of TiNiSi (left) and ZrBeSi (right) structure types and 
the possible occupation of hydrogen in these phases. 

Table 3.4. The relative content of all indentified phases in UCoGe hydrides. 

Hydrides of UCoGe α (%) β (%) β’ (%) U3Co4Ge7 (%) 

UCoGeH0.1, pH2 = 0.5 bar 100 - - 

1 

UCoGeH1.6, pH2 = 1.2 bar 12 87 - 
UCoGeH1.7, pH2 = 2.0 bar 4 95 - 

UCoGeHx, pH2 = 5.0 bar - 77 22 

UCoGeHx, pH2 = 135 bar - 63 36 

UCoGeHx, pH2 = 140 bar - 10 89 
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The difference in the lattice expansion of both hexagonal unit cells (β-hydride is more 

expanded in the c direction, less in the a direction, while in the case of β’-hydride the 

expansion is opposite) must be connected with the hydrogen occupation. For the β-hydride 
the H atoms likely occupy both tetrahedra (at 4f position) sharing the same vertex, leading to 
a significant expansion in the c direction and the H content is of 2 H/f.u. For the β’-hydride, 
we can speculate that the H atom can be found only in one independent tetrahedral, leading to 
the H content of 1 H/f.u.  

The results of the crystal structure refinement of UCoGe and its hydrides are 
summarized in Table 3.5. One has to keep in mind that the XRD peaks of the two β-phases 
strongly overlap, leading to a large error in the refinement process and that the value of the 
lattice parameters have to be taken tentatively. 

 

Table 3.5. Comparison of crystal structure of UCoGe and its hydrides. a, b and c , V/f.u., ∆V/V and dU-U  are given. 

Compound Structure type a (Å) b (Å) c (Å) 
V/f.u. 
(Å3) 

∆V/V 
(%) 

dU-U 

(Å) 

UCoGe Orthorhombic 6.848(1) 4.207(1) 7.230(1) 52.07 - 3.483 

UCoGeH0.1 
(pH2 = 0.5 bar) Orthorhombic 6.851(1) 4.201(1) 7.254(1) 52.19 0.23 3.483 

UCoGeH0.1 
UCoGeH1.6 
(pH2 = 1.2 bar) 

Orth.     -12 % 
Hex. (β)-87 % 
 

6.861(9) 
4.095(1) 
 

4.199(7) 
- 

 

7.287(9) 
7.937(1) 
 

52.49 
57.63 
 

0.80 
10.70 
 

3.488 
3.968 
 

UCoGeH0.1 
UCoGeH1.7 

(pH2 = 2 bar) 

Orth.     -4 % 
Hex. (β)-95 % 
 

6.864(8) 
4.095(1) 
 

4.199(5) 
- 

 

7.302(9) 
7.937(1) 
 

52.62 
57.64 
 

1.00 
10.70 
 

3.490 
3.968 
 

UCoGeHx 

UCoGeHx 

(pH2 = 5 bar) 

Hex. (β) -77 %   
Hex. (β’)-22 % 
 

4.096(1) 
4.108(5) 
 

- 
- 
 

7.916(2) 
7.544(9) 
 

57.52 
55.13 
 

10.50 
5.90 
 

3.958 
3.772 
 

UCoGeHx 

UCoGeHx 

(pH2 = 135 bar) 

Hex. (β) -63 % 
Hex. (β’)-36 % 
 

4.098(1) 
4.114(3) 
 

- 
- 
 

7.907(3) 
7.624(8) 
 

57.49 
55.86 
 

10.40 
7.30 
 

3.954 
3.812 
 

UCoGeHx 

UCoGeHx 

(pH2 = 140 bar) 

Hex. (β) -10 % 
Hex. (β’)-89 % 
 

4.109(5) 
4.125(1) 
 

- 
- 
 

7.842(9) 
7.517(2) 
 

57.16 
55.38 
 

9.80 
6.40 
 

3.921 
3.758 
 

 
In order to observe the structure transformation during the decomposition process, the 

XRD patterns of the UCoGe hydride obtained at pH2 = 135 bar with increasing T from 305 K 
up to 775 K, were collected (Fig. 3.19). The XRD lines of two β-phases overlap. The peak-

intensity assigning to the β-hydride decreases with increasing T and at T = 535 K peaks are 

hardly seen. At this T the β’-hydride does appear, however its XRD lines overlap   
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Fig. 3.19. XRD patterns of two-β-phase UCoGeHx obtained at pH2 = 135 bar measured 
during the decomposition process (the thermal cycling up to 775 K). Lower panel shows 
XRD lines at chosen temperatures illustrating the phase transformation. At T > 575 K the 
UO2 peaks appear. 
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with the XRD lines of the α-hydride or of the parent compound (TiNiSi-type of structure). In 
Fig. 3.19 (lower panel) one can see that the (102) peak, which is the most intense peak of the 
β’-phase overlaping with the (112) peak of the orthorhombic structure. A similar situation is 

found for the (110) peak of the β’-phase and the (013) peak of the TiNiSi-type of structure. 
Above T = 575 K, UO2 appears and its peak-intensity increases with increasing T up to          
T = 775 K. 

The main question remains, how is it possible to obtain a less expanded phase with a 
lower H concentration at a higher H2 pressure? Is the β’-phase a superstructure of ZrBeSi-
type? In the case of CeCuSiH1.3 and CeCuGeH1.0 (ZrBeSi-type of structure), the electron 
diffraction experiments pointed out the presence of the superstructures [81] shown by 
additional weak reflections observed along the c direction. The c lattice parameter had to be 
multiplied by 5 for CeCuSiH1.35 compared with that of the ternary compound while it had only 
to be multiplied by 3 for the CeCuGeH1.0. Such a situation is so far not observed in the two-β-
phase hydrides of UCoGe.  

The only plausible scenario explaining the apparent paradox is based on the fact that the 
high H2 pressure is applied only during the synthesis, and the analys is performed only after 
the sample is taken out to the ambient pressure. We can therefore speculate that another phase 
with even higher H concentration is formed at very high H2 pressures, and it decomposes 
when the H2 pressure is removed into a phase different than the β-phase. We can imagine that 

such an unstable γ-phase containing full H occupancy of 2 H/f.u (Fig. 3.20). As we deal with 

the two competitive β-hydrides, the product of decomposition of the γ-phase consists of their 
mixture. 

 

 
 
Fig. 3.20. Schematic illustration of the hydride phase formation for UCoGe. The third γ-phase 
is unstable under the ambient conditions and decomposes into two-β-phase mixture hydride. 
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Fig. 3.21. Rietveld fits of the XRD data of UCoGe at 
ambient pressure (upper panel) and a Le Bail fit for 
UCoGe at 1.45 GPa (a = 6.944(1) Å, b = 4.279(1) Å, c = 
7.304(1) Å) containing Ni-gasket lines (lower panel), 
showing the observed (crosses) and calculated (line) 
diffraction patterns, reflection tick marks (vertical lines), 
principal Miller indices (hkl) and difference profile (lower 
line).  
 

The pure β’-phase does not appear at pH2 < 2 bar, but it is observed (in 89 %) as a 

product of decomposition of the speculated γ-hydride. It can be considered as an intermediate 
metastable phase in the course of the transformation of the orthorhombic TiNiSi-type of 
structure to the β-hydride.  

 
In the case of the sample UCoGe no. 1, a similar effect of hydrogenation was observed. 

However, under the H2 pressure of 2 bar an α-hydride of UCoGe (UCoGeH0.1) was formed. 

Under H2 pressure of 5 bar almost a pure β-hydride (UCoGeH1.7) is formed. The H2 pressures 

of 8 and 114 bar yielded two-β-phase mixture hydrides of UCoGe with the H content in 
average: 1.6, 1.2 H/f.u. respectively. The XRD patterns of hydrides of UCoGe no.1 together 
with the results of the crystal structure refinement are presented in Appendix.  

 
XRD studies of UCoGe under pressure 

The anisotropic effect of H-driven 
expansion raises a question about the 
response of the crystal lattice of UCoGe to 
the hydrostatic pressure. The pressure 
effect on the crystal lattice of UCoGe was 
studied, using a diamond anvil cell up to p 
= 30 GPa. Rietveld refinements of the 
ambient pressure data confirm that UCoGe 
adopts the orthorhombic TiNiSi type of 
structure. The experiment at the high-p 

diffractometer (Mo-Kα radiation) without 
the pressure cell gave a = 6.867(9) Å, b = 
4.208(9) Å, c = 7.249(9) Å . The XRD 
pattern of UCoGe under ambient pressure 
is shown in Fig. 3.21 (upper panel). The 
lower panel shows an example of XRD 
pattern of UCoGe at a pressure of 1.45 
GPa taken with the sample in the DAC. 
The high-p XRD data confirm that the 
TiNiSi type of structure is preserved up to 
the highest applied pressure as shown in 
Fig. 3.22. However a shift of diffraction 
lines and their broadening under pressure 
were observed. 

The quality of the high-p diffraction 
data was insufficient for a full Rietveld 
analysis, mostly due to the presence of 
gasket reflections. Although the Rietveld 
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Fig. 3.22. Part of the diffraction pattern and its variations 
with pressure, illustrating the shift of the diffraction peaks of 
UCoGe together with a certain broadening due to imperfect 
hydrostaticity. Note that the (211) peak has a weakly resolved 
satellite (112) on the low diffraction angle side. 
 

analysis giving information on 
pressure variations of atomic 
positions was perfprmed (giving a 
decrease of the inter-U spacing), real 
multi-parameter structure model 
refinements (14 internal parameters) 
were not successful. Consequently 
Le Bail analysis was performed, 
which yielded the pressure variations 
of the lattice parameters without 
requiring any structure model. The 
most apparent fact deduced is that 
the pressure variations of b and c 
lattice parameters are much weaker 
than that for a-parameter. The b-
parameter after the initial decrease 
appears to show a weakly increasing 
tendency, although large error bars 
in this pressure range make this 
finding inconclusive. As the error 

bars generally tend to increase for high-p, we base the quantitative analysis of the respective 
compressibilities on the low-p range, below 6 GPa, i.e. below the pressure at which the 
silicone oil solidifies, leading to partial non-hydrostasticity. The pressure variations of each 
lattice parameter were fitted to a linear dependence so as to obtain the compressibility along 
each lattice direction (Fig. 3.23). The bulk modulus can be expressed as B0 = 1/kV, where kV is 
the volume compressibility, which is the sum of individual compressibilities along given 
lattice directions (kV = ka + kb + kc). The values of those compressibilities are given in Figs. 
3.23-3.24, yielding kV = 3.24⋅10-3 GPa-1 and B0 = 309 GPa. As an alternative analysis, relative 
volume changes V/V0 were calculated at each pressure and fitted to the Birch and Murnaghan 
equations of state to obtain the bulk modulus B0 (341 GPa) and its pressure derivative Bo’ 
(Fig. 3.24). A good agreement is obtained for both methods. The equilibrium bulk modulus 
exceeding 300 GPa is relatively high compared to other UTX compounds with the ZrNiAl 
structure type (B0 < 180 GPa) [8], but it is almost in line with results obtained on UTSi-H 
compounds, forming in a structure similar to TiNiSi (B0 = 257 GPa for UPdSiH1.0 [82].  

The anisotropy of compressibilities (Fig. 3.25) clearly follows the same pattern 
identified for the U compounds with the ZrNiAl structure [8]. The direction of the U-U bonds 
manifests itself as a critical soft direction. For the ZrNiAl structure it was the basal-plane a 
direction which was the soft one, in contrast to the hard c direction. For UCoGe it is the 
orthorhombic a direction soft one, following the basic U-U coordination, forming U-U zig-
zag chains stretched along this direction. The other two directions are noticeably harder. 
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Fig. 3.24. Relative volume as a function of pressure for 
UCoGe. The line represents the fit of the Birch and 
Murnaghan equation. 
 

 

Fig. 3.23. Pressure dependence of lattice parameters a, 
b and c for UCoGe. The full lines represent the linear 
fits mentioned in the text. The dotted line is a tentative 
fit over the whole pressure range using an additional 
quadratic term. 

Fig. 3.25. Pressure variations of the relative change of 

lattice parameters ∆a/a, ∆b/b, ∆c/c and volume ∆V/V for 
UCoGe. 

 
As shown in the section-‘XRD studies’, hydrogenation is a convenient tool to modify 

the crystal lattice. It acts primarily as the negative pressure agent resulting in the volume 
expansion of the crystal lattice.  Details show, however, that the expansion is anisotropic (Fig. 
3.26), and the anisotropy can be different than at the hydrostatic compression. The lattice 
variations between UCoGe and its β-hydrides (here we consider the lattice parameters of the 
majority phase) follows the same anisotropy as a hypothetic negative pressure. The a-axis of 
the orthorhombic notation (i.e. the c-axis in the hexagonal notation) expands significantly, the 
b- and c-axis shrink. The reason can be seen in the strong affinity of the f-metal to hydrogen, 

which tends to affect the strong f-f nearest neighbour spacings. However the α-hydride, seen 
in the inset of Fig. 3.26 reveals a different pattern. For the H concentrations around 0.1 H/f.u. 
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it is the c-axis which expands most, with the b-axis is decreasing and a-axis staying 
approximately constant. The dU-U values is almost constant, of about 3.48 Å. Stretching the U-
chains the inter-U spacing increases up to 3.97 Å and the intra-U spacing up to 4.10 Å in the 
UCoGeH1.7 with the volume expansion of 10.7 %. 

 
 
Fig. 3.26. Hydrogen variations of the relative change of lattice parameters 

∆a/a, ∆b/b, ∆c/c and volume ∆V/V for UCoGe. The lattice parameters of 
hexagonal hydrides of UCoGe were recalculated for the orthorhombic 
representation. 

 
Magnetic measurements 

Weak ferromagnetism (below TC = 3 K) of UCoGe constitutes µS of about 0.03 µB/f.u. 

(Fig. 3.27). χ(T) does not form any abrupt anomaly, it only shows a weak tendency to 
saturation at low T (Fig. 3.28). The ac susceptibility measurement for UCoGe does not reveal 
any sharp/broad peak in the whole temperature range of 2-300 K (Fig. 3.29). The magnetic 
contribution coming from the impurity phase of U3Co4Ge7 (1 %) with TC = 21 K is negligible. 
Weak ferromagnetism seems to be suppressed in the α-hydride, the magnetization curve 
measured at T = 2 K is less field dependent compared to the parent compound (magnetization 
aims to M = 0 for µ0H = 0). The temperature dependence of dc and ac susceptibility, similarly 
to UCoGe, show no signs of any magnetic transition.  

In the case of almost pure β-hydride, both dc and ac susceptibility measurements exhibit 
a F transition in the vicinity of 50 K (Figs. 3.28-3.29), which is undoubtedly connected with 
95 % of the hexagonal phase UCoGeH1.7. However, the F transition is not complete due to the 
presence of 4 % of the second phase (P α-hydride) in this hydride. The magnetization curve 

measured at T = 2 K shows a part of the hysteresis loop (Fig. 3.27). µS is not dramatically 

enhanced, we can suppose that the F ordering with 0.05 µB/f.u. is intrinsic. 
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Fig. 3.27. Magnetization curves of UCoGe, its α-hydride (UCoGeH0.1) and 

almost pure β-hydride (UCoGeH1.7) measured at T = 2 K. 

 
 

  
 

Fig. 3.28. Temperature dependence of magnetic 
susceptibility of UCoGe, its α-hydride and  almost 
pure β-hydride measured in µ0H = 2 T. 

 

Fig. 3.29. Real and imaginary (the inset) part of ac 
susceptibility for UCoGe, its α-hydride and almost 
pure β-hydride measured in external field µ0H = 0 T, 
frequency 80 Hz. 

 
In the case of the two-β-phase hydrides obtained at pH2 = 5 and 135 bar, the temperature 

dependencies of dc and ac susceptibilities show a F transition at 50 K (Figs. 3.30-3.31). 
Weaker signal is observed for the hydride synthesised at higher H2 pressure. No transition at 
50 K is observed for the hydride obtained at pH2 = 140 bar. An interesting fact is the 
appearance of the second F transition in the vicinity of 8 K for both hydrides, seen in the ac 
susceptibility plot (Fig. 3.31), which can be attributed to the β’-phase. A sharp, well 

pronounced peak is seen for the hydride obtained at pH2 = 140 bar containing 89 % of β’-

phase, while the hydride obtained at pH2 = 135 bar containing 36 % of β’-phase, the peak is 
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weaker and broader. The lack of saturation of dc susceptibility below the transition with TC ≈ 

50 K suggests that the hydrides are in fact inhomogeneous, due to a fraction of material (β’-

phase) with TC (≈ 8 K) much lower than 50 K. The magnetization curves masured at T = 2 K 
reveal the part of the hysteresis loop (Fig. 3.32). 

 

  
Fig. 3.30. Temperature dependence of magnetic 

susceptibility of two-β-phase hydrides of UCoGe 

measured in µ0H = 2 T. 

Fig. 3.31. Real and imaginary (the inset) part of ac 

susceptibility for two-β-phase hydrides of UCoGe 

measured in external field µ0H = 0 T, frequency 80 Hz. 
 

 

 
Fig. 3.32. Magnetization curves of two-β-phase hydrides of UCoGe 
measured at temperature T = 2 K. 

 

The exact values of ordering temperatures for the UCoGe hydrides could not be 
determined from the Arrott plot, which does not show a linear dependence for M2 versus H/M, 

due to inhomogeneity of the samples. µs (Fig. 3.33) increases from 0.08 µB/f.u. in the hydride 

obtained at pH2 = 5 bar up to 0.10 µB/f.u and 0.12 µB/f.u in the hydrides obtained at pH2 = 140 

and 135 bar, respectively. In the high-T range, i.e. for T > 100 K, 1/χ(T) follows the MCW 
behavior (Fig 3.34). The fitting parameters are summarized in Table 3.6. 
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Fig. 3.33. Magnetization curves of UCoGe and its hydrides measured at 
temperature T = 2 K. 
 
 
 
 

 
 

Fig. 3.34. Temperature dependence of the inverse susceptibility of UCoGe 
and its hydrides measured in µ0H = 2 T, together with the fits of the MCW 
law (black lines). 
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Table 3.6. Comparison of magnetic susceptibility parameters of UCoGe and its 
hydrides obtained from the fits to MCW law (high-T): µeff, Θp, χ0. 

Compound µeff.(µB/f.u.) Θp (K) χ0 (10-8m3/mol) 

UCoGe 1.6 -15.6 1.6 

UCoGeH0.1 
(pH2 = 0.5 bar) 1.7 0.5 1.4 

UCoGeH1.7 

(pH2 = 2 bar) 2.1 -19.5 1.2 

UCoGeHx 

 (pH2 = 5 bar) 2.2 2.5 1.9 

UCoGeHx 

(pH2 = 135 bar) 1.9 -5.0 1.5 

UCoGeHx 

(pH2 = 140 bar) 
1.6 -4.6 1.6 

 

The obtined values are comparable to those for UCoGe reported in Ref. [42] 
µeff = 1.7 µB/f.u., Θp ≈ - 2.0 K and χ0 = 1.5·10-8 m3/mol. The effective moment increases in 

the hydrides containing more β-phase (more expanded one) up to µeff = 2.2 µB/f.u., and 

remains almost unchanged in the case of α- or β’-hydrides. Θp value shifts to less negative 

values in the two-β-phase mixed hydrides, but it is more negative in almost pure β-hydride 

and positive in the α-hydride. One should be aware that the T-independent term (χ0) in MCW 

law may in fact account for an anisotropy in the P state, introducing thus an uncertainty in µeff. 

and Θp values.  Assuming that the susceptibility of a randomly oriented powder is given by 
averaging susceptibilities along main crystallographic directions, even if these are of purely 
CW type, the average can deviate from the CW dependence, leading to a bending in 1/χ vs. T 
observed in our case. Then the parameters obtained by fitting are not fully physically 
meaningful. 

 
χ(T) and M(B) for UCoGe no.1 and its hydrides are shown in Figs. 3.35-3.36. which are 

similar to those obtained from the sample no. 2. However, the values of H2 pressure of 
obtaining hydrides are higher e.g. the α-hydrides was synthesised at pH2 = 2 bar and almost 

pure β-hydride at pH2 = 5 bar. The hydrides obtained at pH2 = 8 bar corresponds to the two-β-
phase hydride reached at pH2 = 5 bar in the second sample.  
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Fig. 3.35. Temperature dependence of magnetic 
susceptibility of UCoGe no. 1 and its hydrides 

measured in µ0H = 1 T. 

Fig. 3.36. Magnetization curves of UCoGe no. 1 and its 
hydrides measured at temperature T = 2 K. 

 
 

Specific heat studies 

The specific heat measurements for UCoGe (no. 2), its α-hydride before and after the 
decomposition were performed down to T = 0.4 K, showing no anomalies in the whole 
temperature range (Fig. 3.37). However, both two-β-phase hexagonal hydrides show the 
anomaly at specific heat at T = 50 K (Fig. 3.38). 

  

Fig. 3.37. Temperature dependence of specific heat for 

UCoGe, its α-hydride (UCoGeH0.1) before and after 
the decomposition measured down to 0.4 K. The inset 
Cp/T vs. T2 representation including the linear 
extrapolation to T = 0 K.  

Fig. 3.38. Temperature dependence of specific heat for 

UCoGe, its α-hydride before and after the 
decomposition measured down to 2 K. The inset 
shows Cp/T vs. T2 representation including the linear 
extrapolation to T = 0 K.  

 

The γ coefficient is 51(2) mJ/mol K2 for UCoGe, 66(1) mJ/mol K2 for UCoGeH0.1 and 

57(1) mJ/mol K2 for the decomposed sample. In the case of pure β-hydride the γ coefficient is 
very high about 103(1) mJ/mol K2 and for the hydride obtained at pH2 = 135 bar of         
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Fig. 3.39. Temperature dependence of specific heat for 

UCoGe, its α-hydride measured down to 400 mK and 

two-β- phase sample down to 2 K. The inset shows the 
superconducting phase transition for UCoGe no. 1.  

111(1) mJ/mol K2. It can mean that hydrogenation leads to the reduced strong 5f-ligand 
hybridization, and the 5f-band narrowing. The inspection of data in the Cp vs. T representation 
allows to estimate the Debye temperature as θD = 350 K for UCoGe, θD = 300 K for 
UCoGeH0.1. The Debye model does not describe well the Cp(T) vs. T for two others hydrides.  

 
The specific heat measurements for UCoGe (no. 1) and its α-hydride were performed 

down to the T = 0.4 K (Fig. 3.39). The low-T upturn seen for UCoGe no. 1. was interpreted as 
due to superconducting phase transition 
below Tsc = 0.6 K [44]. Specific heat of 
UCoGeH0.1 indicates that not only the 
magnetism, but also the superconductivity is 
suppressed in the α-hydride. The linear 
extrapolation of CP/T vs T 2 dependence to 
T = 0 K let us estimate the γ coefficient of 
specific heat, which is 53(2) mJ/mol K2 for  
UCoGe, 65(1) mJ/mol K2 for UCoGeH0.1. 
In the case of two-β-phase hydride the γ 
coefficient is about 97(1) mJ/mol K2. The 
inspection of data in the Cp vs. T 
representation reveals the Debye 
temperature θD = 320 K for UCoGe. The 
Debye model does not describe well the 
Cp(T) vs. T for hydrides. 

 
Discussion and conclusions 

 

The β-hydrides of UCoGe exhibit a stronger ferromagnetism than UCoGe, it can be 
associated with a significant volume expansion and an increase of dU-U distances. However, 
the α-hydride despite a small volume expansion of 0.23 % is weakly magnetic or non-
magnetic. A closer inspection of inspection of the structural data reveals that only the c lattice 
parameter expands (∆c/c = 0.33 %), the a lattice parameter remains almost unchanged (∆a/a = 

0.04 %), and the b lattice parameter even shrinks (∆b/b = -0.14 %). The shortest dU-U spacing 
is found along the a direction, and is unchanged comparing to the parent compound. We can 
tentatively assume that it is the b-parameter, which could critically modulate the magnetic 
properties. Indeed, the high-p experiments for UCoGe showed that the shrinkage of b-
parameter with hydrogenation suppresses magnetism, too.  In this case, the geometrical 
impact of hydrogenation is not opposite to pressure, but it is in fact equivalent (as to the b- 
parameter) to a hydrostatic pressure of approx. 4 GPa (the hydrostatic pressure needed to 
suppress magnetic order was found about 1.4 GPa [47]), so inspecting only b-parameter one 
could conclude that it is no surprise that UCoGeH0.1 is non-magnetic. 
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In the pure β-hydride, the significant expansion is observed along the a direction, which 

is also the direction of the shortest dU-U spacing (∆a/a = 15.7 %), others two directions are 

suppressed (∆b/b = -2.9 %, ∆c/c = -2.1 %). The dU-U spacing increased up to 3.97 Å, by about 
14 % with respect to the dU-U spacing in UCoGe. This hydride exhibits a magnetic ordering 
below 50 K. A similar tendency is observed in the hydride obtained at pH2 = 140 bar 
containing 87 % of β’-phase (∆a/a = 9.8 %, ∆b/b = -2.0 %, ∆c/c = -1.4 %), the shortest dU-U 

spacing is now 3.76 Å (∆dU-U/dU-U = 7.9 %). The compound orders magnetically below 8 K. 

Hydrogen absorption can be expected to increase the localization of the 5f states due to 
the reduction of the 5f-5f overlap (consequence of the lattice expansion). It can be seen 

through an increase of the γ coefficient from 52(2) mJ/mol K2 for UCoGe up to              
111(1) mJ/mol K2 for the hydride. In addition, if hydrogen occupies the 4f-positions close to 
the T, one can speculate that the bonding of the d-states of the T with the hydrogen states 
withdraws partly the d states from the 5f-d hybridization, leaving the 5f states less hybridized.  

In the case of UCoGe, the theoretical full H concentration 2 H/f.u., probably can be 
achieved at high H2 pressure and high T of the sample. However the full hydride is unstable 
under ambient conditions and when the H2 pressure is released, it decomposes into the two-β-
phase mixture hydride. 
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3.1.3. UNiGe-H 

The hydride synthesis performed at H2 pressures of 2 and 156 bar and at T = 773 K 
leads to a formation of pure β-hydrides: UNiGeH1.0 (pH2 = 2 bar) and UNiGeH1.2 (pH2 = 156 

bar). By a partial decomposition of UNiGeH1.0 obtained at pH2 = 2 bar, we got another β-

hydride (UNiGeH0.3). An attempt to obtain an α-hydride by applying a quite low H2 pressure 
of 0.6 bar resulted in a phase mixed material of the pure UNiGe and UNiGeH1.2. The 
stoichiometry was determined by the decomposition in closed volume (thermal cycling of the 
reactor with the sample up to T ≈ 773/873 K (Fig. 2.4)).  

 
XRD studies 

XRD confirmed that UNiGe forms in the orthorhombic TiNiSi-type of structure. A 
certain amount (7-10 %) of impurity phase (UNi2Ge2) was detected; this amount is reduced in 
the hydrides, probably due to a thermal cycling/annealing. All UNiGe hydrides crystallize in 
the ZrBeSi structure type. This points to a largely variable H concentration within the same β-
hydride phase, with a respective volume expansion of 7.6, 5.8, and 4.4 %, with reference to 
pure UNiGe. An attempt to obtain an α-hydride by applying quite low hydrogen pressure of 
0.6 bar resulted in phase-mixed material. In this case, 45 % of the orthorhombic phase was 
transformed into the hexagonal one (ZrBeSi-type) with concomitant lattice expansion of      
8.8 %, with an estimation of hydrogen content of 1.2 H/f.u. No expansion is observed for the 
orthorhombic phase, thus we can conclude that no α-hydride exists. Fig. 3.40 shows the 
comparison of the XRD patterns for a parent compound and hydrogenated samples. XRD 
pattern of two main phases: UNiGe (48 %) and UNiGeH1.2 (45 %), plus UNi2Ge2 as an extra 
phase (7 %) is shown on the lower panel. The variations of lattice parameters are summarized 
in Table 3.7.  

The formation of hydrides from UNiGe is accompanied by a strongly anisotropic lattice 
expansion (Table 3.7 and Fig. 3.41), e.g. for UNiGeH1.2 ∆a/a = 12.6 %, ∆b/b = -3.4 %, ∆c/c = 
-1.6 % and the volume expansion of 7.6 %. The relative lattice expansion/compression along 

the a and b directions clearly follows the same pattern as reported for LaNiSnD2 (∆a/a = 12.9 

%, ∆b/b = -5.1 %, ∆c/c = 0.7 % and ∆V/V = 7.9 %). The only difference is observed along the 
c direction. Both orthorhombic b and c lattice parameters are reduced in the UNiGe hydrides 
with respect to the original value.   

From the point of view of U coordination, the U atoms form zig-zag chains along the 
aorth direction in UNiGe, with the U-U in-chain spacing around 3.56 Å, while the shortest 
distance between the chains is 3.65 Å.  In the hydrides, the chains are straightened and the 
intra-chain distance increases up to 3.80-4.00 Å for the H concentration of 0.3-1.2 H/f.u., 
respectively, while the inter-chain distance now is around 4.10 Å in all the hydrides. After a 
detailed inspection of the XRD patterns we noticed an excessive peak broadening for those 
peaks with dominant contribution of the Miller indices l for UNiGeH1.2. This points to a 
microstrain with fluctuations of the value of chex. 
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Fig. 3.40. Rietveld refinement of the XRD data of UNiGe and its hydrides, showing the observed (points) and 
calculated (line) diffraction patterns, reflection tick marks (vertical lines), principal Miller indices (hkl), and 
difference profile (lower line). The arrows indicate the reflections of the impurity-UNi2Ge2. RB = 16.8 % for 
UNiGe, RB = 10.2 % for UNiGeH1.2, RB = 11.1 % for UNiGeH1.0, RB = 5.51 % for UNiGeH0.3, RB = 22.9 % for 
UNiGeH1.2, and RB = 34.6 % for UNiGe (2-phase mixture). 
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Fig. 3.41. Hydrogen variations of the relative change of lattice 

parameters ∆a/a, ∆b/b, ∆c/c and volume ∆V/V for UNiGe. The lattice 
parameters of hexagonal hydrides of UNiGe were recalculated for the 
orthorhombic representation. 

 

 

Table 3.7. Comparison of crystal structure and magnetic susceptibility parameters of UNiGe and its hydrides. 
pH2, a, b and c, V/f.u., ∆a/a, ∆b/b and ∆c/c in the orthorhombic representation, ∆V/V, dU-U, ∆dU-U/dU-U are given. 
Parameters of the fit of the susceptibility in the MCW regime (high-T): µeff, Θp, χ0, the magnetic ordering 
temperatures TC/TN (K) are listed. The TN values are taken from the positions of pronounced maxima in χ’ (T), 
which correspond for UNiGe to the second phase transition. 
 

 UNiGe 2-phase mixture of UNiGeH0.3 UNiGeH1.0 UNiGeH1.2 

Structure type 
TiNiSi 
(orth.) 

UNiGe 
TiNiSi 
(orth.) 
48 % 

UNiGeH1.2 
ZrBeSi 
(hex.) 
45 % 

ZrBeSi 
(hex.) 

ZrBeSi 
(hex.) 

ZrBeSi 
(hex.) 

pH2 (bar) - 0.6 decomp.* 2 156 
a (Å) 7.000(3) 7.007(6) 4.090(2) 4.113(1) 4.108(1) 4.096(1) 
b (Å) 4.233(2) 4.232(3) - - - - 
c (Å) 7.197(2) 7.194(6) 8.006(6) 7.596(2) 7.714(2) 7.891(3) 

V/f.u. (Å3) 53.31 53.34 57.98 55.66 56.38 57.33 
(∆a/a)orth (%) - - 14.4 8.4 10.1 12.6 
(∆b/b)orth (%) - - -3.4 -2.9 -3.1 -3.4 
(∆c/c)orth (%) - - -1.6 -1.1 -1.2 -1.6 
∆V/V (%) - - 8.8 4.4 5.8 7.6 
dU-U (Å) 3.556 3.556 4.003 3.798 3.857 3.945 

∆dU-U/dU-U (%) - - 12.5 6.8 8.5 10.1 
µeff.(µB/f.u.) 3.0 2.1 2.3 2.4 2.2 

Θp (K) 19 65 24 31 80 
χ0 (10-9 

m3/mol) 
8.7 18 9.0 9.0 0.1 

Tc/TN (K) /44  106/44 15/35 7/38  100/ 
*Partial decomposition of UNiGeH1.0. 
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Fig. 3.42. Temperature dependence of the relative 
expansion along a-, b- and c-axes for different structure 
types. The relative volume changes are represented by the 
red lines. The relation between the lattice parameters of 
TiNiSi- and ZeBeSi-types of structure are expressed by 
corresponding colours. 

 

 

Thermal expansion of UNiGe and its hydride 

 In order to find the correlation between the U-U bonding and the anisotropy of thermal 
expansion in U compounds (detected for one structure type in [8]) we undertook a study of 
the thermal expansion by XRD. An anisotropy is manifested at elevated temperatures, which 

can be assumed as the lattice effect, and 
associated with the magnetic ordering, 
observed at T comparable with respective 
ordering temperatures and below. The 
lattice effect can be parameterized by the 
linear thermal expansion coefficient α, 
taken from linear high-T part as 

d(∆L/L)/dT. The latter effect is related to 
the spontaneous magnetostriction, common 
as sizeable effect in band magnets [83]. 
The significant expansion is observed in 
UNiGe for the a and c direction, while that 
along the b direction is much lower (Fig. 
3.42). The thermal expansion parameters at 
RT are summarized in the Table 3.8. The 
magnetic phase transition for UNiGe is 
reflected by an anomaly in all directions 
around TN = 50 K. For the hydride of 
UNiGe, is the c direction the softer one, 
which is in a agreement with pure UNiGe, 
as the chex lattice parameter corresponds to 
aorth. The anisotropy of the thermal 
expansion of investigated UNiGe and 
UNiGeH1.0 follows the same pattern as 
indentified for the UTX compounds 

crystallizing in the ZrNiAl-type of structure (see Table 3.8) [8]. The hexagonal basal plane of 
the ZrNiAl-type of structure is in some respect equivalent to the a-c plane of the TiNiSi-type 
structure [84] 

 
 
 
 
 
 
 
 

 

Table 3.8. Thermal expansion parameters  for UNiGe and UNiGeH1.0 in comparison 
with other selected UTX compounds at T = 300 K. 

Compound αa (300 K) 
(10-6 K-1) 

αb (300 K) 
(10-6 K-1) 

αc (300 K) 
(10-6 K-1) 

αV (300 K) 
(10-6 K-1) 

UNiGe 21 2 17 40 
UNiGeH1.0 6.8 - 24 37.6 
UCoAl [8] 17 - 6 40 
UNiAl  [8] 15.5 - 5.5 36.5 
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Magnetic measurements 

χ(T) of UNiGe hydrides compared to that of UNiGe is displayed in Fig. 3.43. The 

magnetic contribution coming from an extra phase of UNi2Ge2 with TN ≈ 78 K is negligible.  
The most prominent feature in UNiGe is the peak at approx. 44 K, marking the phase 
transition between the two AF structures. The susceptibility of the hydrides looks different, all 
show the F-type of behaviour. The highest H concentration, UNiGeH1.2 exhibits a magnetic 
transition in the vicinity of 100 K.  The related magnetization (Fig. 3.44) is however relatively 
small, with µs not exceeding 0.4 µB/U atom (value estimated for data in fields of several 
tesla), which is considerably smaller than the magnetization in the field-induced state of 
UNiGe, being approx. 1.45 µB/U [7]. One way to investigate the type of order is to observe 
the response at high magnetic fields available in short pulses.  
 
 

 

 
Fig. 3.43. Temperature dependence of the magnetic 
susceptibility for UNiGe and its hydrides, measured in 

µ0H = 2 T. 

Fig. 3.44. Magnetization curves of UNiGe and its 
hydrides measured in pulsed magnetic field swept up 
and down up to 60 T  at T = 1.5 K. The inset shows 
the detail obtained in static fields at T = 2 K. 

 
As shown in Fig. 3.44, UNiGe has no remanence and exhibits a hysteretic metamagnetic 

behaviour in the range of 3-5 T. This corresponds to the magnetization curve presented for a 
fixed-powder sample in Ref. [85]. The comparison with the data obtained on powder free to 
rotate [85] as well as with single crystal data [7] indicate that the fixed-powder magnetization 
data practically hide the second metamagnetic transition, which sets in at 10 T. The obtained 

magnetization values are somewhat higher than that in Ref. [85] (1.1 µB/f.u. versus 0.85 

µB/f.u. for µ0H = 30 T). The magnetization at 60 T reaches approx. 1.6 µB/f.u. and has a 
clearly still increasing tendency. The lack of saturation reflects that moments can be flipped to 
the field direction only if the field is applied along the c or b direction. The critical 
metamagnetic fields shift to very high values for grains with the a direction close to the field 
direction. The magnetization values actually exceed those found for single crystal sample in 
the field-aligned state (1.45 µB/f.u.). It reflects that a non-collinearity survives the 
metamagnetic transitions [86]. In addition we have to consider that the size of U moments can 
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still grown noticeably under magnetic field. The U moments in the field-aligned state were 

determined by neutron diffraction to be merely 1.2(1) µB [86].  

The magnetization of the UNiGe hydrides reveals µS and approaches the saturation 
faster (see Fig. 3.44). As we saw for the fixed-powder data for UNiGe, metamagnetic 
transitions are not well resolved in this type of experiment on highly anisotropic materials. 
We can however speculate that the relative fast increase in fields up to 10-12 T comprises 
actually metamagnetic transitions, which are displaced to lower fields compared to UNiGe. 
The remanence is likely to correspond to the first metamagnetic state, which is stable in field 
over 3 T in UNiGe [7,85]. The absolute values vary in a non-monotonous way with increasing 
H concentration. Although the high-field magnetization measurement suffers of a rather large 
uncertainty as to the absolute values obtained, we assume that the lack of clear trend is 
intrinsic. Without a microscopic study it is though difficult to disentangle effects of modified 
magnetic structure, anisotropy, and varying size of ordered moments. In particular, a possible 
change of the type of anisotropy can even influence the multiplicity of easy-magnetization 
directions, which can have a dramatic impact on the observed magnetizations. χ(T) (Fig. 3.43) 
reveals two phase transitions for the two intermediate hydrides: UNiGeH1.0 and UNiGeH0.3, 
the first one is around TN of the parent compound shifted down to 38 and 35 K, and the 
second one at quite low T of 7 to 15 K. The transitions are better resolved by the ac 
susceptibility study (Fig. 3.45). The maxima correspond to respective magnetic ordering 
temperatures.  

The two-phase hydride combines the magnetic properties of the parent compound 
revealing the anomaly at 44 K and the hydride with the highest H concentration. As it is seen 
from the Fig. 3.45 in this case TC is even higher than for the pure hexagonal hydride of 
UNiGeH1.2, which is perhaps related to a slightly higher volume expansion of 45 % of 
hexagonal phase. Nevertheless the susceptibility values are lowered with respect to other 

hydrides, which can be understood by a low fraction of the hexagonal phase. µs is about 0.2 

µB/f.u., twice smaller than for  the pure hexagonal UNiGeH1.2. In the high-T range, i.e. for T > 

150 K, 1/χ(T) of the hydrides follows the MCW behavior (Fig. 3.46). Parameters of the fit are 
presented in Table 3.7. We compare the obtained values for pure UNiGe with those reported 
in [42], µeff = 2.5 µB/f.u., Θp ≈ 31 K, χ0 ≈ 7.0×10-9 m3mol-1. Both data sets are in a quite good 
agreement. The value of the effective moment of hydrides is lower than that of the parent 

UNiGe. However, µeff obtained on a polycrystal can also be modified by the changes of 
anisotropy and its values do not have to be physically significant. That is why we compare the 
data on powder samples, although single-crystal data on UNiGe are available [7]. The higher, 
positive and increased Θp with the H concentration of the UNiGe hydrides demonstrates 
stronger magnetic interactions.  
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Fig. 3.45. Real (upper panel) and imaginary (lower panel) 
part of ac susceptibility for UNiGe and hydrides measured 

in zero external field µ0H = 0 T, frequency 80 Hz. 

Fig. 3.46. Temperature dependence of the inverse 
susceptibility of UNiGe and its hydrides measured 
in µ0H = 2 T, together with the fit of the MCW law 
(lines). 
 

 

Specific heat studies 

 
 
The specific heat measurement for 

UNiGeH1.2 were performed down to the 
T = 2 K, showing weak anomaly at T = 
100 K (Fig. 3.47). The γ coefficient of 
specific heat is estimated to be 
70(2) mJ/mol K2, which is higher than 

the γ coefficient found for UNiGe of 
27(0.5) mJ/mol K2 [80]. The Debye 
model does not describe well the Cp(T) 
vs. T for the hydride (θD = 270 K  for the 
parent compound). 
 

 
 

 
 

 
Fig. 3.47. Temperature dependence of specific heat for 
UNiGeH1.2 measured down to 2 K. The inset shows the Cp/T 
vs. T2 representation including the linear extrapolation to    
T = 0 K. 
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Discussion and conclusions 
 
In the case of UNiGe hydride, the theoretical full H concentration 2 H/f.u., cannot be 

achieved at H2 pressure of 156 bar, or the full hydride is unstable when the H2 pressure is 
released. The maximal H absorption obtained corresponds to approx. 1.2 H/f.u. On the other 
hand, already a small H uptake (0.3 H/f.u.) transforms the lattice to the hexagonal type, 
stretching the U-chains, which were originally along the orthorhombic a-axis. The distance 
between the chains slightly increases.  

 We may speculate why it is difficult for H to occupy simultaneously both U3Ni 
tetrahedra of the unit cell. The expansion along the chex direction increases the U bond length 
along it, i.e. also the bonds for the trigonal prism containing Ge (which is adjacent to the one 
containing Ni). The affinity of Ge to H is low, so the U3Ge tetrahedra remain without 
hydrogen. Stretching these U-U bonds without filling the space inside may cost then too much 
of elastic energy, which is not compensated by any extra H bonding energy. 

F magnetic order corresponds to a small moment (0.4 µB/U) in the ground state. The TC 

is followed by an AF transition, analogous to UNiGe, but shifted down to ≈ 35 K.  With more 
H in the lattice, the inter-chain U-U spacing increases. Increasing the H concentration above 1 
H/f.u., i.e. with regular occupancy of each U6Ni polyhedron by 1 or two H atoms, a phase 
with dU-U approaching 4.1 Å and ordering temperature ≈ 100 K establishes. One can observe 

µS. Most likely, it is not a simple ferromagnet. The reason is that the related ordered moment 
is rather small, compared to U moments in UNiGe, whether we take the U moments from the 
neutron diffraction (0.91 µB at 20 K) or the high field magnetization (1.45 µB at 4.2 K). The 
simplicity with which ferromagnetism appears in different stages of hydrogenation reminds of 
the first field-induced metamagnetic phase in UNiGe. Here the field of 3 T induces an 

uncompensated antiferromagnet with magnetization ≈ 0.5 µB/f.u. 

 The phases with H concentration below 1 H/f.u. have clearly some of the U polyhedra 
with Ni inside left without H atoms, so the reduction of ordering temperatures with respect to 
UNiGe can be attributed to an atomic disorder, possible frustration etc.  

It is curious to find that also the hydride of UNiSi, namely UNiSiH1.0, orders close to 
100 K [82]. In this case it was proved that the ground state is AF with uncompensated 
magnetic moments.  
 
 
 
 
Publication related to problems raised in this section: 

1.  A.M. Adamska, L. Havela, Effects of hydrogenation on magnetism of UNiGe, 
submitted to J. Magn. Magn. Mater. on 12.12.2010. 
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3.1.4. URhGe-H 

The hydrogenation of URhGe was performed at H2 pressure of 130 and 156 bar and at 
T = 723 K. The α-hydrides with the respective compositions URhGeH0.1 and URhGeH0.3 

were formed. Even at the highest H2 pressure in our experiment, no β-phase could be 
obtained. The stoichiometry was determined by the decomposition in closed volume (thermal 

cycling of the reactor with the sample up to T ≈ 773 K).  

XRD studies 

The XRD patterns are presented in Fig. 3.48.  A small amount (< 1 %) of a impurity 
phase (URh3) was detected. Hydrogen absorption does not transform the TiNiSi type of 
structure, but it causes a lattice expansion of about 1 % and 1.3 %, respectively. The lattice 
expansion has a pronounced anisotropy in both hydrides. The c-axis expansion dominates, the 
b lattice parameter shrinks. From relative changes of b and a lattice parameters one could say 
that the a-axis expansion and the b-axis contraction are inter-related, as they exhibit the same 
relative value. The results of the crystal structure refinement of URhGe and its hydrides are 
summarized in Table 3.9.  In URhGeH0.1 and URhGeH0.3, the inter-uranium distances increase 
by 0.3 % and 0.5 %, respectively. The observed changes of dU-U are solely due to the 
modifications within the a-c plane.   

Table 3.9. Comparison of crystal structure of URhGe and its α-hydrides. pH2, a, b 
and c, V/f.u., ∆a/a, ∆b/b and ∆c/c in the orthorhombic representation, ∆V/V, dU-

U, ∆dU-U/dU-U are given. Parameters of the fit of the susceptibility in the MCW regime 
(high-T): µeff, Θp, χ0, µs (T = 2 K) and TC are listed. 
 URhGe URhGeH0.1 URhGeH0.3 
Structure type TiNiSi (orthorhombic) 
pH2 (bar) - 130 156 
a (Å) 6.876(2) 6.898(2) 6.906(5) 
b (Å) 4.333(1) 4.318(1) 4.316(3) 
c (Å) 7.507(2) 7.583(3) 7.604(5) 
V/f.u. (Å3) 55.92 56.47 56.67 
∆a/a (%) - 0.3 0.4 
∆b/b (%) - -0.3 -0.4 
∆c/c (%) - 1.0 1.3 
∆V/V (%) - 1.0 1.3 
dU-U (Å) 3.504 3.516 3.521 
∆dU-U/ dU-U (%) - 0.3 0.5 
µeff.(µB/f.u.) 1.8 2.0 2.2 
Θp (K) -15.5 -1.8 3.0 
χ0 (10-8m3/mol) 1.62 1.95 6.43 
µs (µB/f.u.) 0.20 0.30 0.38 
TC (K) 9.5 10-20 17 
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Fig. 3.48. Rietveld refinement of 

the XRD data of URhGe and its α-
hydrides, showing the observed 
(points) and calculated (line) 
diffraction patterns, reflection tick 
marks (vertical lines), principal 
Miller indices (hkl), and difference 
profile (lower line). The insets 
show the shift of diffraction lines 
due to hydrogen absorption. 
RB = 13.9 % for URhGe, RB = 9.9 
% for URhGeH0.1, RB = 18.7 % for 
URhGeH0.3. 
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Magnetic measurements 

 

URhGe is known to be a ferromagnet 
with ordering temperature TC = 9.5 K [42]. 
The identified impurity phase (URh3) is a 
Pauli paramagnet.  Hydrogenation does not 
change the type of magnetic ordering in 
both hydrides, but modifies magnetic 
moments and ordering temperature. For 
URhGeH0.1 a broad well-pronounced peak 
is observed on ac susceptibility plot 
between 9 K and 20 K (Fig. 3.49). The 
ordering temperature for this hydride, 
could not be determined from the Arrott 
plot, which showed inhomogenity of the 
samples, with some areas with local TC 
substantially higher than that of URhGe 
(9.5 K). In the case of URhGeH0.3, the 
maximum on ac susceptibility plot is 
shifted towards higher T. The ordering 
temperature for the this hydride, was 
determined from the Arrott plot (Fig. 3.50), 
which showed a linear dependence for  M2 
versus H/M in high field region and 
yielded TC value of 17 K.  In the high-T 

range, i.e. for T > 100 K, 1/χ(T) of the α-
hydrides follows the MCW behaviour (Fig. 
3.51). The fitting parameters are given in 
Table 3.9. The hydrogenation of URhGe 
causes an increase of µS from 0.2 µB/f.u. 

for the parent compound to 0.3 µB/f.u. and 

0.38 µB/f.u. for the hydrides (both fixed-
powder data) at T = 2 K (Fig. 3.52).  

 

 

Fig. 3.49. Real part and imaginary part (the inset) of ac 
susceptibility for URhGe and its hydrides measured in 

external field µ0H = 0 T, frequency 80 Hz.  

Fig. 3.50. Arrott plot for URhGeH0.3 hydride.   
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Fig. 3.51. Temperature dependence of inverse 
susceptibility for URhGe and its hydrides, measured in 
µoH = 3 T. The solid lines represent the fits to the 
MCW law. 

Fig. 3.52.  Magnetization curves of URhGe and its 
hydrides measured at T = 2 K. 

 
Discussion and conclusions 

 
In pure URhGe, the shortest U-Ge and U-Rh distances are dU-Ge ≈ 2.97 Å and dU-Rh ≈ 

2.97 Å, which suggests that the hybridization between U atoms and the ligands play an 
important role in the delocalization of U 5f states. Band-structure calculations performed on 
URhGe [87] suggest a substantial hybridization between the U-5f and Rh-4d states and a 
relatively small uranium magnetic moment of 0.3 µB originating from a partial cancellation of 
the spin and orbital components. To conclude, its itinerant ferromagnetism results from a 
rather strong 3d-5f hybridization. Introducing hydrogen atom into the crystal lattice of URhGe 
causes a lattice expansion, an increase of dU-U and the shortest U-Rh distances up to 2.99 Å for 
URhGeH0.1 and 3.00 Å for URhGeH0.3. The shortest U-Ge distance remain unchanged. The 
nearest neighbour distance of the U atoms for URhGe dU−U ≈ 3.50 Å is comparable with the 

Hill limit. An increase of dU-U distance (dU-U ≈ 3.52 Å) in hydrides may allow a magnetic 
order of U lattice provided weaker 5f-ligant hybridization.  Both URhGe hydrides remain F 
with enhanced TC and their susceptibilities values. This stresses the importance of the 
hybridisation in the URhGe–H system. The application of negative pressure drives URhGe 
away from the magnetic instability as TC increases. Superconductivity, existing in the mK 
range for pure URhGe, is unlikely to manifest more in the hydride because of the concomitant 
lattice disorder.  

The fact that the assumed random H doping leads to inhomogeneous magnetic 
properties means that that the magnetism of URhGe cannot be conceived as purely weak 
itinerant ferromagnetism.  
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3.1.5. UPdGe-H 

The hydride synthesis from UPdGe was performed at pH2 = 152 bar, and at T = 773 K. 
An α-hydride with the composition UPdGeH0.1 was formed. The stoichiometry was 
determined by the decomposition in closed volume (thermal cycling of the reactor with the 

sample up to T ≈ 773 K) seen in Fig. 3.53.  

 

XRD studies 

The XRD patterns of the UPdGe show a small amount of the spurious, unidentified 
phase, which remains unaffected by hydrogenation. Hydrogenation at pH2 = 152 bar does not 

transform the TiNiSi type of structure (no β-hydrides are formed under such conditions), but 
it causes the lattice expansion of about 0.5 % (Fig. 3.54). The lattice expansion has 
pronounced anisotropy in the α-hydride. The a-axis expansion dominates, the b lattice 
parameter shrinks and the c lattice parameter remains almost unchanged. Opposite situation is 
observed in the α-hydride of UCoGe, in this case the crystal lattice expand mainly in the c 
direction and is almost unchanged along the a direction. In both hydrides the b lattice 
parameter decreases. The dU-U increase in UPdGeH0.1 by about 0.9 % (dU-U = 3.63 Å). The 
crystal structure parameters for pure compound and the synthesized hydride are given in 
Table 3.10. 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.53. Thermal decomposition curve of UPdGeH0.1 

obtained by the first thermal cycling of the sample in 
close volume up to T = 773 K. 



U-based compounds: results and discussion 
3.1.5.  UPdGe-H 

 

94 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
Fig. 3.54. Rietveld refinement of the XRD data of UPdGe and its α-hydride, showing the observed (points) and 
calculated (line) diffraction patterns, reflection tick marks (vertical lines), principal Miller indices (hkl), and 
difference profile (lower line). The inset shows the shift of diffraction lines due to hydrogen absorption. RB = 19.2 
% for UPdGe, RB = 20.0 % for UPdGeH0.1. 

Table 3.10. Comparison of crystal structure of UPdGe and its α-hydride. pH2, a, 
b and c, V/f.u., ∆a/a, ∆b/b and ∆c/c in the orthorhombic representation, dU-U, ∆dU-

U/dU-U are given.  Parameters of the fit of the susceptibility in the MCW regime 
(high-T): µeff, Θp, χ0, µs (T = 2 K) and TN/TC are listed. 
 UPdGe UPdGeH0.1 
Structure type TiNiSi (orthorhombic) 
pH2 (bar) - 152 
a (Å) 7.049(3) 7.110(3) 
b (Å) 4.354(2) 4.335(2) 
c (Å) 7.612(3) 7.618(2) 
V/f.u. (Å3) 58.40 58.71 
∆a/a (%) - 0.86 
∆b/b (%) - -0.44 
∆c/c (%) - 0.08 
∆V/V (%) - 0.5 
dU-U (Å) 3.603 3.634 
∆dU-U/ dU-U (%) - 0.86 
µeff.(µB/f.u.) 2.4 2.6 
Θp (K) 26.3 25.8 
χ0 (10-8m3/mol) 2.65 8.12 
µs (µB/f.u.) 0.47 0.62 
TN/TC (K) 50/30 50/26 
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Magnetic measurements 

The susceptibility curves for the pure compound and its α-hydride shown in Fig. 3.55 
exhibit the MCW behavour in the P region (the inset). The fitting parameters are given in 
Table 3.10. The dc and ac susceptibility curves for those samples show that both orders 
aniferromagnetically below 50 K (TN is not affected by hydrogenation) and ferromagnetically 
below 30 K for pure compounds and 26 K for the hydride (Figs. 3.55-3.56). χ(T) did not 
reveal any features of the impurity phase. Fig. 3.57 shows the magnetization curves for 
UPdGeH0.1 measured in a magnetic field of 0.1 T in the zero field-cooled (ZFC) mode and 
field-cooled (FC) mode, illustrating both phase transitions. The magnetization curve measured 
at T = 2 K (Fig. 3.58) on randomly oriented fixed powder revealed µs = 0.47 µB/f.u. for 

UPdGe and µs = 0.62 µB/f.u. for UPdGeH0.1.  

 

  
Fig. 3.55. Temperature dependence of the magnetic 

susceptibility for UPdGe and its α-hydride, measured 

in µ0H = 2 T. The inset shows the temperature 
dependence of inverse susceptibility. The solid lines 
represent the fits to the MCW law. 
 

Fig. 3.56. Real part and imaginary part (the inset) of ac 

susceptibility for UPdGe and its α-hydride measured in 

external field µ0H = 0 T, frequency 80 Hz. 

  
 

  
Fig. 3.57. Temperature dependence of the 

magnetization for UPdGeH0.1 measured in µ0H = 0.1 T 
in the ZFC and FC modes. 

Fig. 3.58. Magnetization curves of UPdGe and its α-
hydride measured at T = 2 K. 
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Fig. 3.60. Temperature dependence of specific heat for 
UPdGeH0.1 measured down to 2 K. The inset shows 
Cp/T vs. T2 representation including the linear 
extrapolation to T = 0 K. 

 

The magnetization of UPdGeH0.1 

measured at T between 2-60 K (Fig. 3.59) 
exhibits a metamagnetic transition around 
1 T at 40 K, which is twice lower than for 
the pure compound (2 T at 40 K). The 
critical field value decreases with 
temperature approaching the AF→F 
magnetic phase transition, similar to that 
for pure UPdGe. 

 

 

Specific heat studies 

 
 

The specific heat measurement for 
UPdGeH0.1 were performed down to the 
T = 2 K, showing an anomaly at T = 50 K 

(Fig. 3.60). The γ coefficient is 
16(2) mJ/mol K2, which is almost the same 
as that for UPdGe (17 mJ/mol K2) [57]. 
The Debye temperature is estimated to be 
θD = 300 K (simple Dabye model fit). 
 
 
 

 

 
 

Discussion and conclusions 
 

The magnetic properties of UPdGeH0.1 are not much different from the UPdGe. The dc 
susceptibility values at low T are enhanced and µS increases by about 32 % compared to that 
of parent compound. This can point to an enhanced stability of U magnetic moments, which is 
also corroborated by enhanced effective moment. A small volume expansion of 0.5 % and an 
increase of the dU-U spacing of 0.9 % were not sufficient to modify significantly the magnetic 
properties of the hydride. 

 
Fig. 3.59. Magnetization curves for UPdGeH0.1 measured 
at selected temperatures. 
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3.1.6. UIrGe-H 

The H2 pressure of 148 bar, and thermal cycling up to T = 773 K, applied to UIrGe 
leads to formation of an α-hydride with the composition UIrGeH0.1. No β-hydrides were 
obtianed under such conditions. The stoichiometry was determined by the decomposition in 
closed volume (thermal cycling of the reactor with the sample up to T ≈ 773 K) seen in Fig. 
3.61.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.61. Thermal decomposition curve of UIrGeH0.1 

obtained by the first thermal cycling of the sample in 
close volume up to T = 773 K. 

 

XRD studies 

The XRD results of UIrGe and its hydride indicated no significant impurity phase. No 
change of the crystal structure type upon hydrogenation was observed (Fig. 3.62).  

 
 
Fig. 3.62. Rietveld refinement of the XRD data of UIrGe and its α-hydride, showing the observed (points) and 
calculated (line) diffraction patterns, reflection tick marks (vertical lines), principal Miller indices (hkl), and 
difference profile (lower line). The inset shows the shift of diffraction lines due to hydrogen absorption. 
RB = 15.7 % for UIrGe, RB = 12.8 % for UIrGeH0.1. 
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Fig. 3.63. Temperature dependence of the relative 
expansion along a-, b- and c-axes for UIrGe. The 
relative volume changes are represented by the red 
lines. 

 

 

Formation of the α-hydride is accompanied by an anisotropic lattice expansion (see 

Table 3.11) implying an increase of the unit cell volume. It is quite similar to the α-hydride of 
UCoGe. However in UIrGeH0.1, the b lattice parameter is not suppressed, but it remains 
almost unchanged. The crystal structure parameters for pure compound and the synthesized 
hydride are given in Table 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thermal expansion of UIrGe  

 
The temperature dependence of the 

relative changes of lattice parameters and the 
volume for UIrGe is shown in Fig. 3.63. UIrGe 
behaves somewhat differently than UNiGe or 
UCoGe. The soft direction is the a direction. 
However the essential difference is observed 
along the b-axis.  The thermal expansion 
parameters at T = 300 K are αa = 8.6×10-6 K-1, 

αb = 6.5×10-6 K-1, αc = 4.1×10-6 K-1. The 
magnetic phase transition is reflected by small 
anomaly in the c direction around 17 K.   

Table 3.11. Comparison of crystal structure of UIrGe and its α-hydride. pH2, a, b 
and c, V/f.u., ∆a/a, ∆b/b and ∆c/c in the orthorhombic representation, dU-U, ∆dU-

U/dU-U are given.  Parameters of the fit of the susceptibility in the MCW regime 
(high-T): µeff, Θp, χ0, µs (T = 2 K) and TN/TC are listed. 
 UIrGe UIrGeH0.1 
Structure type TiNiSi (orthorhombic) 
pH2 (bar) - 148 
a (Å) 6.867(1) 6.880(2) 
b (Å) 4.302(1) 4.304(1) 
c (Å) 7.576(1) 7.609(2) 
V/f.u. (Å3) 55.96 56.33 
∆a/a (%) - 0.19 
∆b/b (%) - 0.05 
∆c/c (%) - 0.45 
∆V/V (%) - 0.7 
dU-U (Å) 3.514 3.519 
∆dU-U/ dU-U (%) - 0.14 
µeff.(µB/f.u.) 1.7 2.0 
Θp (K) -21.8 4.1 
χ0 (10-8m3/mol) 0.61 1.5 
µs (µB/f.u.) -* 0.3 
TN/TC (K) 17/ /28 
*Measured up to 9 T 
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Fig. 3.66. Arrott plot for UIrGeH0.1. 

 

 

Magnetic measurements 

The temperature dependence of dc and ac susceptibilities of UIrGe exhibits the AF 
transition around TN = 17 K (Figs. 3.64-3.65). The magnetic ordering type is changed in the 
hydride: it orders ferromagnetically below 28 K. 

 
Fig. 3.64. Temperature dependence of the magnetic 

susceptibility for UIrGe and its α-hydride, 

measured in µ0H = 2 T. The inset shows enlarged 

χ(T) for UIrGe. 

Fig. 3.65. Real part and imaginary part (the inset) of ac 

susceptibility for UIrGe and its α-hydride measured in 

external field µ0H = 0 T, frequency 80 Hz. The right axis 
corresponds to UIrGe and the left one to the hydride. 

 

 

We tried to identify the TC by the Arrott 
plot (Fig. 3.66). The dependence of M 2 versus 
H/M exhibits linear fits at higher fields. The 
extrapolation of M 2 to zero field show a linear 
dependence as well.  It yields a value of the 
TC = 28 K. Both compounds obey the MCW 
law in the P region (Fig. 3.70). The fitting 

parameters are given in the Table 3.11. Θp 

value is positive for the hydride, and µeff. 

increases up to 2.0 µB/f.u. UIrGe exhibits the 
metamagnetic transition at around 13 T (not 
complete in Fig. 3.68). The magnetization 
curve of UIrGeH0.1 shows the part of the 

hysteresis loop, with µs = 0.3 µB/f.u.
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Fig. 3.67. Temperature dependence of inverse 

susceptibility for UIrGe and its α-hydrides, measured 

in µoH = 3 T. The solid lines represent the fits to the 
MCW law. 

Fig. 3.68. Magnetization curves of UIrGe and its α-
hydride measured at T = 2 K. 

 
Discussion and conclusions 

 
The magnetic properties of UIrGe are significantly affected by hydrogen absorption. 

The volume expansion of 0.7 % and a rather modest increase of dU-U by about 0.14 % implies 
a change of the magnetic order and a large increase of the susceptibility values. An interesting 
feature is the behaviour of the b lattice parameter of UIrGe due to T or hydrogen absorption. 
In the case of α-hydrides of investigated UTGe compounds, one can observe an expansion of 
the lattice in the a or c direction and a contraction along the b direction (Fig. 3.69). The 
crystal lattice of the α-hydride of UFeGe is expanded in the c direction by about 6 % and 

contrated in two other directions by about 3 %. The crystal structure of α-hydrides of UCoGe 
and URhGe behave similarly under hydrogen absorption. Larger lattice expansion is observed 
along the c direction and lower along the a direction and the lattice is conteracted in the b 
direction. UIrGe behaves somewhat differently as to the b lattice parameter, which remains 
almost unchanged. In the case of UPdGeH0.1 the a-axis expansion dominates, the b lattice 
parameter shrinks and the c lattice parameter remains almost unchanged. 

 

 

 

 

 

 

Fig. 3.69. The relative changes of the lattice parameters 

a, b, c due to hydrogen absorption of α-hydrides UTGe. 
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3.2. UFe2+x films 

For the Laves phases AT2 with late d metals, it is mainly the d-metal component 
responsible for magnetism, which is affected by a hybridization with electronic states of A-
elements. In the case A = U, U magnetism comes into a consideration. For the Laves phases 
with Fe, it was discovered that (Y, Zr)Fe2 are more magnetic (higher TC) than UFe2, which 
means that the 3d magnetism dominates in this systems [88]. Neutron-diffraction study 
revealed that UFe2 involves both 3d (spin-) and 5f (spin- and orbital-) magnetism [89]. The 
key of understanding of an itinerant ferromagnetism of UFe2 is the nature of the hybridized 5f 
states. The Fe-Fe interaction is greater at low T than that in pure Fe, despite of the dilution by 
U in the UFe2 compound, which is not found in the RFe2 compounds. Such an enhancement 

predicts a high TC. However, the reduction of the Fe spin (from SFe ≈ 1.1 µB for pure Fe to SFe 

≈ 0.3 µB in UFe2) and the strong dependence on temperature of the Fe-Fe interaction is 
observed [90]. The strong interaction between the U-5f and Fe-3d states (5f-3d hybridization), 
influences the magnetic moments on both U and Fe. The net moment on U is close to zero and 
the 3d moment on Fe is 0.6 µB, substantially reduced in a comparison to the value of to 2.2 µB 
reported in pure Fe. If the TC is a consequence of the Fe-Fe exchange, which is in the case for 
the RFe2 compounds, then Heisenberg theory TC ~ JFe-Fe(SFe)

2, were JFe-Fe is the Fe-Fe 
exchange interaction, raising JFe-Fe value is potentially useful. In the case of UFe2 beneficial 
increase of JFe-Fe is due to the presence of U 5f band states. However the stimulation of two 
adverse effects as the reduction of SFe and T-dependence of JFe-Fe can also affect TC. 
Experimentally, the change of the Fe concentration in UFe2 compounds allowed to stimulate 
the magnetism in this system. Incorporation of additional x = 0.3 Fe atoms into UFe2+x caused 
an increase of TC up to 230 K [66-67].  

We use sputter deposition to test if even more Fe can be incorporated into the U-Fe 
phase, leading possibly to an additional increase of TC. It was particularly intriguing to see 
whether possible amorphisation would affect the ferromagnetism. 

 
Structure analysis-XRD studies 

The XRD in the glancing angle geometry with a variable angle of incidence in the range 
of 3-15 degrees and in the Bragg-Brentano (B-B) geometry were used to characterize the film 
structure. For small incident angles, the diffracted beam originates from the film only, while 
for higher incident angles the contribution from interface and the substrate are included into 
the signals. Our results show that the x-value varied between 0.3 and 6.0 and the film-
thickness is in the range from 75 to 900 nm. The composition of the films revealed in the film 
notation was determined as an average value of the Fe-content in mostly in the main U-Fe 
layers from different methods (see Table 2.1). 
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Fig. 3.72. XRD pattern for UFe4/SiO2 (No. II) film 
obtained in the glancing angle XRD using Cu-Kα 
radiation with a variable angle of incidence increasing 
from 1° to 15°. 

 

 
 

 

 

 
 

Fig. 3.70. XRD pattern for UFe4/Si(111) film (No. I)  
obtained in conventional B-B geometry using Cu-Kα 
radiation. The data were collected and with 2θ-step 
size of 0.02° in a 2θ-range of 20°-100°. 

Fig. 3.71. XRD patterns for UFe4/Si(111) film (No. I) 
obtained in the glancing angle XRD using Cu-Kα 
radiation with a variable angle of incidence increasing 
from 1° to 15°. The inset shows the XRD pattern 
obtained in the B-B geometry for bulk UFe2. 

 

Figs. 3.70-3.71 show the XRD patterns obtained in the conventional B-B and glancing-
angle geometries for the sample No. I. For B-B geometry sharp peaks, which can be attributed 
to Si, USi3 and pure α-Fe appear. For the glancing angle geometry a broad bubble between 

35-40 deg., which is a fingerprint of an amorphous phase is obsereved.  For α ≥ 10°, besides 
the amorphous feature, also several sharp peaks are present (reflecting the situation at the 

interface) in Fig. 3.71.  

In the case of UFe4/SiO2 film, the 
XRD patterns obtained in the glancing 
angle geometry reveals that the film is 
strongly oxidized (Fig. 3.72). The (151) 
XRD line of α-UO3 is already present at 
the surface layers and it grows through the 
film.  At the interface the XRD lines 

associated with USi3 and α-Fe are present.  

The film prepared with a larger Fe 
excess (approx. UFe8) on Si (111) substrate 
exhibited a large amount of crystalline α-Fe 
together with Si and USi3 at the interface 
(Figs. 3.73-3.74). The XRD pattern 
obtained in the B-B geometry revealed the 
presence of the UO2 layer on the surface. 
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Fig. 3.73. XRD pattern for UFe8/Si(111) film (No. 
III) obtained in conventional B-B geometry using 
Cu-Kα radiation.  

Fig. 3.74. XRD pattern for UFe8/Si(111) film (No. III) 
obtained in the glancing angle XRD using Cu-Kα radiation 
with a variable angle of incidence increasing from 1° to 
15°. 

 

The films No. IV-VII were deposited on fused silica. Figs. 3.75-3.76 show XRD 
patterns obtained in both geometries for UFe2.3/SiO2 (No. IV), which reveals that it is not only 
the amorphous SiO2 substrate giving rise to this feature, but the deposited film must be largely 
amorphous. Besides the amorphous feature also several sharp peaks, attributed to the cubic 
Laves phase structure with a lattice parameter of a = 7.15 Å are observed.  

 

 
 

Fig. 3.75. XRD pattern for UFe2.3/SiO2 film (No. IV)  
obtained in conventional B-B geometry using Cu-Kα 
radiation.  

Fig. 3.76. XRD pattern for UFe2.3/SiO2 film (No. IV)  
obtained in the glancing angle XRD using Cu-Kα 
radiation with a variable angle of incidence increasing 
from 3° to 15°. The inset shows the XRD pattern 
obtained in the B-B geometry for bulk UFe2. 
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The dominance of the (111) peak can be understood as strong texturing with the [111] 
direction perpendicular to the substrate. The diffraction lines of UO2 were also detected. They 
partially overlap with the lines coming from the Laves phases. Similar situation is observed 
for the film No. VI (Figs. 3.77-3.78). For two other remaining samples (No. V and VII), XRD 
patterns obtained in both geometries (Figs. 3.79-3.82) show no sharp diffraction peaks, 
indicating that the samples are purely amorphous (except of possible (111) peak of UO2 for 
the sample No. V). 

 

 

  
Fig. 3.79. XRD pattern for UFe2.7/SiO2 (No. V) film 
obtained in conventional B-B geometry using Cu-Kα 
radiation.  

Fig. 3.80. XRD pattern for UFe2.7/SiO2 (No. V) film 
obtained in the glancing angle XRD using Cu-Kα 
radiation with a variable angle of incidence increasing 
from 3° to 15°.  

 
 

 
Fig. 3.77. XRD pattern for UFe2.7/SiO2 (No. VI) film 
obtained in conventional B-B geometry using Cu-Kα 
radiation.  

Fig. 3.78. XRD pattern for UFe2.7/SiO2 (No. VI) film 
obtained in the glancing angle XRD using Cu-Kα 
radiation with a variable angle of incidence increasing 
from 3° to 15°. 
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Fig. 3.81. XRD pattern for UFe3.0/SiO2 (No. VII) film 
obtained in conventional B-B geometry using Cu-Kα 
radiation. 

Fig. 3.82. XRD pattern for UFe3.0/SiO2 (No. VII) film 
obtained in the glancing angle XRD using Cu-Kα 
radiation with a variable angle of incidence increasing 
from 3° to 15°.  

 

Structure analysis-RBS studies 

In Fig. 3.83, the random RBS spectra of different films revealing different features are 
shown. The RBS spectra for UFe3.0/SiO2 and UFe2.7/SiO2 films (No. VII and V) show sharp 
U- and Fe-peaks completely separated from each other. The spectrum for UFe4.0/SiO2 film 
(No. II) exhibit large but also separated U- and Fe-signals. Fig. 3.84 shows the spectrum with 
a partial overlap of the U- and Fe-signals implying some fine structure of the combined large 
film-signal (UFe4.0/Si(111) film; No. I). The simulated spectra by SIMNRA are shown as 
solid lines in the same Figs. The estimated layer thickness and composition are given in     
Table 2.1.  

  
Fig. 3.83. Random RBS spectra (markers) for selected UFe2+x films: (a) 310 nm-thick UFe4.0/SiO2 (sample No. II) 
and 120 nm-thick UFe3.0/SiO2 (sample No. VII) and (b) 310 nm-thick UFe4.0/SiO2 (sample No. II) and 75 nm-
thick UFe2.7/SiO2 (sample No. V). The simulated spectra are shown by solid lines. 
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Fig. 3.84.  Random RBS spectra (markers) for 450 nm-
thick UFe4.0/Si(111) (sample No. I). The simulated 
spectrum is shown by solid lines. 

 

 

For the thin films with a thickness d < 120 nm, i.e. sample No. V and VII (Fig. 3.83), a 
well-separated and sharp U- and Fe-peak from the UFe2+x film (U(film), Fe(film)) is always 
observed. The increase-slope of the peak at the right-hand side locates at 1850 keV and 1500 

keV, i.e. the energy value related to the 
binary collision of the He ions with U- 
and Fe-atoms located in the front surface 
of the films. From the relative peak-
intensity ratio, it was clear that the 
uranium-ion content is larger than 1:2 
ration. Besides, since these films were 
deposited onto SiO2 substrates, the Si- and 
O-edge (Si(sub.), O(sub.)) were also 
revealed in the RBS spectra around 
respectively 1130 keV and 725 keV. 
Increasing the film thickness leads to a 
large increase of the peak widths. If the 
film is still not so thick, for instance for 
the sample No. II with d ≈ 310 nm (Fig. 
3.83), the U- and Fe-signal is still well 

separated shown by a minimum between them. However, in this case, the O- and Si-edge 
moved down to a much lower energy. Increasing further the film thickness implied an overlap 
of U- and Fe-signal. For the film with the thickness 250 nm < d < 500 nm, a partial overlap of 
the U- and Fe-signals leads to a formation of a wide peak but with some features (step-rises) 
observed in the RBS spectrum (sample No. I and III). In Figs. 3.83-3.84, the step-rise at 1850 
keV and the step-decrease around 1300 keV revealed the signals of the He ions backscattered 
from the U atoms from the front and rear surface of the films respectively (U(film-front), 
(U(film-rear)), whereas those at 1550 keV and 980 keV was related to the backscattered 
signals from Fe in the films respectively ((Fe(film-front), Fe(film-rear)). A total overlap of U- 
and Fe-signal resulted in a single but huge and very wide peak observed for thicker films 

(sample No. IV with d ≈ 520 nm and sample No. VI with d ≈ 900 nm). 

For all investigated films, a very pronounced oxygen peak from the film (O(film)) was 
revealed in the RBS spectra (the small peak around 720 keV), which was well separated from 
the oxygen signal from SiO2 substrates. It is attributed to the presence of oxygen in the 
topmost surface layers of the films (i.e. oxidized surface). For a more detail analysis of the 
film composition we have constructed the depth profile. As an example we show in Fig. 3.84 
the depth profile for the sample No. I. The surface oxidation leads to a formation of a mixed 
U-Fe-O layer with a thickness of 65 nm in which the O-content decreased from 40 % (at the 
topmost layer) to zero. Probably it is UOx mixed with the U-Fe phase. Beneath such the mixed 

layer, we obtained the pure U-Fe layer (oxygen–free layer) with the thickness d ≈ 450 nm 
with the U-Fe composition ratio close to 1:4. At the interface (beneath the UFe4.0 layer), an U-
Fe-Si intermixing region (≈ 60 nm) could be detected. Probably it is USi3 detected also by 
XRD data. For the films deposited on the SiO2 substrates, the RBS results reveal clearly the 
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oxidation of the film surface as well as the Si diffusion and especially oxygen diffusion in the 
interface region. Besides, some oxidation of the main U-Fe layer for the films deposited on 
SiO2 substrates with a thickness d < 400 nm (e.g. sample No. II, III, V and VII) was also 
observed. Only in the case of the film deposited on Si(111) (sample No. I), the composition of 
the main U-Fe layer determined from RBS with a thickness of about 450 nm is U16Fe84, in a 
good agreement with that from the in-situ XPS (U14Fe86). XPS also revealed 3 at. % Oxygen 
on the surface layer in this case. Increasing the deposition time and thus increase the film 
thickness, the pure U-Fe layers can be obtained. For example for the sample No. IV, the main 
layer with a thickness of about 520 nm has the U30Fe70 composition, while for the sample No. 
VI, the main layer with a thickness of about 900 nm has the U25Fe75 composition, i.e. in a 
good agreement with the XPS data (UFe2.3 and UFe2.7, respectively). However, we notice here 
that the RBS data revealed for these films an oxidized surface, i.e. the mixed U-Fe-O layer 
with the thickness up to 100 nm. At the interface, there exists a mixed U-Fe-SiOx layer with 
the thickness in the range 200-300 nm. Certainly there is a difference in the U- and Fe-content 
determined from different techniques. For instance the Fe-content determined from RBS for 
the main U-Fe layer is often higher than that from XPS. However, if taking into account the 
oxidized surface layer and the interface zone with a lower U-content, the average value for 
both U- and Fe-content in the entire film certainly different to that of only the main U-Fe 
layer. 

 

  
Fig. 3.85. The concentration depth profile constructed from the RBS data for UFe4.0/Si(111) film after one week 
(left) and after one month exposed to air (right) revealing a large ageing effect indicating by an increase of the 

thickness of the oxided surface layer from ≈ 65 nm to 110 nm. 

 
The RBS spectra performed on selected films after 1 month from the deposition have 

revealed a strong ageing effect of the films. A large increase of the oxygen signal in the film 
was observed. The depth profile analysis revealed clearly an increase of the thickness of the 
surface oxidized layer in e.g. UFe4.0/Si(111) film (Fig. 3.88(b)), the thickness of the surface 
mixed U-Fe-O layer increased from 65 to 110 nm and the UFe4.0 layer decreases from 450 to 
410 nm. However, RBS measurements after 6, 9, 12 and 18 months indicated that no visible 
change in the RBS spectra was observed with further exposure to air (in comparison to that 
after one month). The results indicated that the ageing affect saturates relatively fast and the 
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oxidation does not progress into the bulk. We may attribute it to the mechanical stability of 
the sputter deposited films, preventing the cracking. For a compact surface, any oxidation of 
uranium would stop the moment the surface is covered by UO2, as the O molecule does not 
dissociate on UO2 [91]. 

It is also interesting that a small amount of Fe (2 %) and/or U (< 2 %) was found to 
diffuse into the Si and SiO2 substrates in the investigated films, leading to a observed non-
zero background between U-Fe peaks and Si-edge. This Fe can be possibly in the form of α-
Fe, which is not easily detected by XRD due to the overlap with diffraction lines of USi3. 

 
Magnetic measurements 

 
Fig. 3.86 shows the total magnetization in magnetic field of 0.1 T for the sample No. I 

and II. It indeed exhibits a F transition, which is not very far from critical temperature 
assumed for UFe2. The film deposited on Si exhibits TC approx. 180 K, while TC for the film 
deposited on SiO2 substrate is higher, approx. 240 K. The sample with a larger Fe 
concentration No. III (not shown here) exhibits a F behaviour throughout the whole T range. 
This is undoubtedly due to the dominance of α-Fe, and the present U-Fe phase is likely to 
have the TC value exceeding 300 K. 

 

 
 
 
 
 
 
 
 
 
 
Fig. 3.86. Temperature dependence of the 
magnetization for the UFe4 films deposited on Si 
and SiO2 (sample No. I and II), measured in    

µ0H = 0.1 T. The arrows indicate the TC. 
 

The small amount of α-Fe as F impurity is the reason for the relatively higher 
magnetization of the UFe4 sample deposited on Si at 300 K, ie. nominally in the P state. The 
weakly paramagnetic USi3 and low-T AF UO2 cannot influence the data significantly. 

The respective TC are better seen from the Fig. 3.87, exhibiting the ac magnetization 
data (ac field 1 mT). For the real part, a broad plateau is observed below TC, which is unusual 
in U-based ferromagnets with a typically strong magnetocrystalline anisotropy and 
consequent pinning of narrow domain walls. The anisotropy of UFe2 is relatively weak and 
the ac magnetization forms such a plateau instead of a sharp peak even in a crystalline 
material. 
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The samples No. IV-VII are F at RT.  In order to recognize whether the observed RT 

ferromagnetism is not due to a possible admixture of α-Fe, and to determine the TC values, we 
have preformed the magnetometry experiments using a furnace in the high-T ranges. The 
question was the upper T limit, which can be reached without disintegration of rather reactive 
deposited U-Fe material in an exchange gas, which contains besides He also traces of air. The 
experience showed that the magnetization measurement is reproducible up to approx. 450 K. 
Above this T, magnetization starts to increase with time even if the T stays constant. 
Apparently this is the moment when the excessive Fe forms a phase, while U forms either 
crystalline UFe2 or more likely UO2. The temperature dependence of magnetization shown in 
Fig. 3.88 for UFe2+x films with x = 0.3, 0.7, 1.0 (UFe2.3, UFe2.7 and UFe3.0 film) reveals that TC 
values are much enhanced and above RT. TC = 400 K was found for UFe2.3, while it is further 
enhanced up to at least 450 K for UFe3.0. For a comparison we show in Fig. 3.88 also the 
magnetization of the rather defected film No. V with a broad distribution of TC values. We 
notice here that this film is very thin. Thus maybe no homogenous U-Fe phase was formed in 
the entire film (i.e. defected film).    

 

 

 

 

 

 

 

 

 

Fig. 3.87. Real part (upper panel) 
and imaginary part (lowe panel) of 
ac magnetization for UFe4 films 
deposited in Si(111) and SiO2 
(sample No. I and II) measured in 

zero external field µ0H = 0 T, 
frequency 80 Hz. 
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Fig. 3.88. Temperature dependence of 
magnetization of UFe2+x films 
deposited on SiO2 substrate with x 
ranging from 0.3 to 1.0.  The very thin 
sample No. V is included to show that 
it exhibits a wide distribution of TC. 
The absolute values of magnetization 
are irrelevant. 
 

 

Magnetization curves measured at T = 300 K for all UFe2+x/SiO2 films reveals a 
significant contribution from the diamagnetic substrate. As an example the magnetization 
curve for UFe2.3/SiO2 is shown in Fig. 3.89, before and after corrections of the diamagnetic 
signal. Fig. 3.90 shows the comparison of the magnetization curves for UFe2+x/SiO2 films 
(No. IV-VII) corrected for the diamagnetic contribution (shown in arbitrary units). 

 

  
Fig. 3.89. Magnetization curve for UFe2.3/SiO2 film 
(No. IV) measured at T = 300 K, exhibiting a strong 
contribution from the substrate-SiO2 (black points), 
corrected for the diamagnetic contribution (white 
points). 

Fig. 3.90. Magnetization curves of UFe2+x/SiO2 (x = 0.3, 
0.7, 1.0) measured at T = 300 K, after correction for 
diamagnetic contribution from SiO2. 
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Discussion and conclusions 
 

The TC value of UFe2 can increase if more Fe can be embedded in the same phase. The 
fact that the sputter deposited material is amorphous apparently and does not strongly affect 
much the TC value. It points to a dominance of the Fe-3d magnetism, the 5f magnetism was 
found much more easily suppressed with increasing disorder [92-93]. The issue remains what 
is the highest achievable Fe concentration at various deposition conditions (mainly the 
substrate temperature and deposition rates should play a role). In this preliminary work we 
were not able to identify what is the main reason that a significant TC increase was recorded 
for the UFe4 film deposited on a fused silica. One can speculate that the higher oxidation 
leading to uranium oxides can stimulate the U depletion in the U-Fe phase.  

The UFe2+x/SiO2 (No. IV-VII) are purely amorphous or show additional diffraction lines 
belonging to a Laves phase with the [111] direction perpendicular to the substrate, they reveal 
a pronounced enhancement of TC values scaling with the excess of Fe over the UFe2 
stoichiometry and reaching approx. 450 K for the UFe3.0, i.e. 1:3 ratio. Ordering temperatures 
are not suppressed by the disorder indicating that Fe-Fe exchange interactions are responsible 
for the TC value. The Fe magnetism is known to be quite insensitive to deviations from the 
ideal crystal periodicity. The contribution of Fe moments in these films remains to be 
determined by microscopic techniques. 
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3.3. U-Pu alloys 

In the case of U-Pu system, it is particularly interesting to investigate the magnetic and 
electronic properties of the ζ-phase, existing between 35 and 70 % U in Pu. A study of the 
diluted Pu in α-U may be useful considering the issue of the localization or the local magnetic 
moments of Pu and the role of the U-5f states.  

In order to provide a basic characterization of electronic properties of the ζ-U-Pu phase, 
we performed the XRD, magnetic and specific heat measurements on two samples with 
concentrations U59Pu41 and U41Pu59. 

XRD studies 

The XRD patterns revealed the proper cubic structure with space group Pm-3m (the 
small rhombohedral distortion with a angle α ≅ 89.7o was not considered during the 
refinement) with a small trace of UO2 (Figs. 3.91). The lattice parameters are estimated to be 
for U41Pu59: a = 10.664(2) Å and for U59Pu41: a = 10.661(1) Å, which are in good agreement 
to the expected values. 

 
 
Fig. 3.91. Le Bail fits of the XRD data of U41Pu59 and U59Pu41, showing the observed (points) and calculated 
(line) diffraction patterns, reflection tick marks (vertical lines), and difference profile (lower line). 

 

Magnetic measurements 

Both samples turned out to be weak paramagnets. In this case the correction for the 
sample holder contribution becomes important especially for masses of the samples about 300 
mg, used for the SQUID experiment. The materials of the capsule (plexiglass and nickel-
silver) are diamagnetic. Presence of magnetic impurities makes their susceptibility weakly 
temperature dependent, bringing a Curie tail at low T. The length of the capsule is much 
larger than the separation of the SQUID sensing coil. That is why most of the signal of the 
capsule, which is homogeneous over its length, does not manifest. The only exception is the 
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sample cavity, which is a diamagnetic and considered equivalently to a weakly P sample of 
the size of the cavity. In our case, such a correction for the capsule signal represents more 
than 10 % of the sample susceptibility signal. After correction for the sample holder 
contribution (measured separately prior to the measurements of the sample), the susceptibility 
is practically field-independent. 

The obtained data exhibit only very weak temperature dependence (Fig. 3.92). The 
susceptibility increases with decreasing T down to 4 K. Therefore we did not attempt any 
analysis in terms of the MCW law. The comparision of absolute to the values of Pu phases or 
α-U nindicates both U-Pu samples have a higher susceptibility. At RT values of 8.0×10-9 

m3/mol for U0.41Pu0.59, and 7.3×10-9 m3/mol for U0.59Pu0.41 (respective values of 8.5×10-8 

m3/mol and 7.7×10-8 m3/mol were found in a broad weak maximum below T = 50 K), are  

higher than value 4.9×10-9 m3/mol [94] for α-U or 6.7×10-9 m3/mol for α-Pu [94]. On the 
other hand, the enhancement does to reach values at which a magnetic order can be expected 
(for example, U-based spin fluctuators). A tentative analysis of the contribution of Pu can be 
undertaken assuming the susceptibility contribution of U corresponds to that of a respective 
fraction U in the sample.  

 

 

 

 

 

 

Fig. 3.92. Temperature dependence of magnetic 
susceptibility of the two U-Pu alloys, compared with 

the values of α-U (dotted line), α-Pu (full line) [94]. 

 

Specific heat studies 

The heat capacity was measured from RT to the limit given by the self-heating of the 
sample, which is more important here than at the susceptibility measurement done in an 
exchange gas. Because smaller samples allow reaching lower T, but the absolute precision is 
worse, we used for both compositions samples of two different size, typically 1 mg an 10 mg, 
and the results obtained were combined (see Fig. 3.93).  The first inspection of the data in the 
Cp/T vs. T representation reveals that the Debye temperatures θD (153 K and 142 K, 

respectively) are somewhat higher than that for δ-Pu alloys (θD ≈ 100 K) [95] but lower than 

that for α-U of θD ≈ 250 K [96]. The electronic specific heat coefficient γ  is estimated to be 

23 mJ/mol K2 for U0.59Pu0.41 and 35 mJ/mol K2 for U0.41Pu0.59 somewhat lower than that for δ-
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Pu (40 mJ/mol K2 [95]). A comparision of the two U-Pu alloys indicate that, the one with a 
higher Pu concentration has a higher γ-value and a lower θD.  

  
Fig. 3.93. Temperature dependence of the specific heat 
in the Cp/T vs. T representation for the U-Pu alloys 

compared with δ-Pu [95] and simulated Debye curve 

with θD = 130 K and γ = 22.7 mJ/mol K2.  

Fig. 3.94. Low temperature part of the specific heat of  
U-Pu alloys in the Cp/T

2 vs. T2 representation. The red 
lines represent the linear fits used to obtain the 

respective γ-values.  

 
 In order to estimate the contribution of Pu to the γ-value of the U-Pu alloy, we follow 

the same procedure used above for χ(T), i.e. assuming the fictitious U contribution equal to 

appropriate amount of α-U (γ  taken as 9 mJ/mol K2 for α-U). The values obtained in this way 
(42 mJ/mol Pu K2 for U0.59Pu0.41 and 53 mJ/mol Pu K2 for U0.59Pu0.41) are in the range of the 
values reported for δ-Pu. We notice here that this value is much enhanced in a comparison to 

the value of 17 mJ/mol K2 for α-Pu [97].   
A possible presence of superconductivity at lower T was tested for U0.59Pu0.41 with a 

negative result using a tiny piece of sample (0.35 mg piece of material) and 3He insert. The 
extra cooling power and limited self-heating allowed to reach 2 K without a sign of any phase 
transition. 

 
Discussion and conclusions 

 
We found that the ζ-phase, existing between 35 and 70 % U in Pu, has basic electronic 

properties quite different from α-Pu, although its density is only slightly lower. The alloys do 
not show magnetism, but the susceptibility increases and reach higher values than that of the 
δ-Pu phase. Similarly, the Sommefeld coefficient γ is enhanced, and the enhancement for Pu 

is emphasized for a higher Pu dilution, with γ  exceeding 50 mJ/ mol Pu K2. The U matrix 
remains practically unaffected. No superconductivity in those U-Pu compositions was 
detected down to 2 K. This work provides an interesting piece of information, eliminating 
prominence of Pu-Pu spacing for determination of magnetic properties of Pu systems. 
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Our detailed study of the UTGe hydrides underline the general tendency of 
strengthening of magnetic properties of U compounds due to hydrogenation. In this particular 
case, there is also a primary impact on the crystal structure. Due to the hydrogen absorption in 
UTGe, one can observe the transformation of the lattice from the orthorhombic TiNiSi-type 
(or its monoclinic variety) to the hexagonal ZrBeSi-type. Here it was documented for the 
compounds with the 3d transition metals (T = Fe, Co, Ni) as shown in Fig. 4.1. The lattice 
expansion reaches the maximal value of 10.7 % for UCoGeH1.7 (pH2 = 2 bar), as shown in Fig. 
4.2. The formation of β-hydrides is accompanied by a strongly anisotropic lattice expansion. 

Using the orthorhombic representation, the crystal lattice of the β-hydride expands along the a 
direction (i.e. direction of the shortest U-U spacing) causing an increase of dU-U. A contraction 
is observed along the b- and c-axis. For the compounds with the 4d and 5d transition metals 
(T = Rh, Pd and T = Ir), the structure type is not changed upon hydrogenation (Fig. 4.1). 
Hydrogenation leads only to a weak expansion of the unit cell about 0.5 % and 1.3 % for Pd 
and Rh, respectively (Fig. 4.2). 

 

  
Fig. 4.1. Two types of UTGe hydrides and their H 
concentration. 

Fig. 4.2.  Dependence of the unit cell volume of pure 
UTGe (empty circles) and the highest UTGe hydrides 
(filled circles) on the type of T.  The inset illustrates 
the size of individual atoms. 

 

The variations of magnetism upon hydrogenation can be really significant. It can induce 
a change of the type of magnetic order, an additional phase transition, or a shift of the 
magnetic ordering temperature. By hydrogenation of UTGe compounds one can observe these 
the effects (Fig. 4.3). The first type of effects is observed in UNiGe-H and UIrGe-H. The AF 
ordering is modified for a F type with the H concentration of 1.2 H/f.u. and 0.1 H/f.u. for 
UNiGe and UIrGe, respectively. An additional phase transition appears in the lower H 
concentration UniGe hydrides around 7-15 K. An increase of TC was reported in the hydrides 

CONCLUSIONS 
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of two itinerant ferromagnets: UCoGe and URhGe, up to 50 K and 17 K, respectively. No 
significant changes with hydrogenation are observed for UPdGe, despite of the volume 
expansion of 0.5 %. UPtGe does not absorb detectable amount of hydrogen up to pH2 = 160 
bar and T = 773 K. 

 
Fig. 4.3. Summary of magnetic properties of UTGe hydrides (right panel) compared with the parent UTGe 
compounds (left panel). The type of ground state of the initial compounds is indicated: P/SF – paramagnetic/ 
spin fluctuator, AF - antiferromagnetic, F – ferromagnetic. The column-height shows the values of ordering 
temperatures (the white-colored column shows TC and black one shows TN). 
 

In general, observed changes in magnetism of UTGe compounds can be attributed to an 
enhancement of the U-U spacing and reducing the 5f-5f overlap. In the case of UFeGe, where 
the 5f-d hybridization is presumably strong, the hydrogen absorption can also lead to a 
reduction of the 5f-d hybridization, altogether implying an enhancement of magnetic 
interactions, but not on the level sufficient to induce any magnetic order. 

Our main conclusion is that the hydrogen absorption can be used as a convenient 
control parameter to tune magnetic properties of UTGe compounds.  The high-p structure 
study performed on UCoGe demonstrated that the anisotropy of lattice expansion due to 
hydrogenation can be strikingly different than the anisotropy of compressibility. It suggests 
that the real structure variations should be taken as explicate tuning parameter instead of the 
hydrostatic pressure or volume expansion at high-p or by hydrogenation. 

In compounds with early d-metal such as Fe or Ru, the d-states appear close to the 
Fermi level and the 5f-d overlap increases, leading typically to a non-magnetic ground state. 
However, in some cases as the Laves phase UFe2 the magnetic moments appear both on U 
and Fe ions. A relatively high ordering temperature TC ≈ 162 K in UFe2 points to a dominance 
of the Fe-sublattice interactions. In this case the controlling parameter for tuning the 
magnetism of UFe2 system can be the Fe concentration. We have demonstrated that the 
incorporation of additional 0.3-2.0 Fe atoms obtained by sputtering techniques leads to an 
increase of TC, which can exceed 400 K despite of an amorphous structure. A larger Fe excess 
(with e.g. x = 6.0) leads to a segregation of α-Fe.  
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The alloying of U into Pu do not lead to a formation of local magnetic moments or 
magnetic order, but the susceptibility increases and reaches higher values than that of the pure 
δ-Pu phase. A similar tendency could be deduced for the γ-coefficient of the electronic 
specific heat. The results emphasize that the inter-actinide spacing, which is much smaller in 
the U-Pu alloys than in δ-Pu, is not the primary control parameter. These findings indicate an 
inadequacy of simple theories based on only narrow 5f band dwelling at the Fermi level. 
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Appendix  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. XRD patterns of hydrides of UCoGe No. 1 

(Co-Kα radiation).  Observed pattern is 
represented by crosses, calculated – by solid line, 
principal Miller indexes in brackets, the difference 
between the observed and calculated patterns is 
shown.  RB = 16.8 % for UCoGeH0.1, RB = 4.0 % 

for UCoGeH1.7,   RB = 14.5 % for β-phase and 

RB = 19.0 % for β’-phase (pH2 = 8 bar), RB = 14.9 

% for β-phase and RB = 14.6 % for β’-phase (pH2 = 
114 bar). 
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Table   a, b and c lattice parameters, V/f.u., ∆V/V and dU-U of UCoGe and its hydrides. 

Compound Structure type a (Å) b (Å) c (Å) 
V/f.u. 
(Å3) 

∆V/V 
(%) 

dU-U 

(Å) 

UCoGe Orthorhombic 6.847(2) 4.207(1) 7.228(2) 52.06 - 3.487 

UCoGeH0.1 
(pH2 = 2 bar) Orthorhombic 6.851(2) 4.198(2) 7.258(3) 52.19 0.25 3.487 

UCoGeH0.1 
UCoGeH1.7 

(pH2 = 5 bar) 

Orth.     -1 % 
Hex. (β)-98 % 
 

6.859(8) 
4.093(1) 
 

4.196(5) 
- 

 

7.275(9) 
7.934(3) 
 

52.34 
57.54 
 

0.54 
10.5 
 

3.487 
3.967 
 

UCoGeHx 

UCoGeHx 

(pH2 = 8 bar) 

Hex. (β) -47 %   
Hex. (β’)-51 % 
 

4.095(2) 
4.104(9) 
 

- 
- 
 

7.904(6) 
7.651(9) 
 

57.38 
55.80 
 

10.2 
7.2 
 

3.952 
3.826 
 

UCoGeHx 

UCoGeHx 

(pH2 = 114 bar) 

Hex. (β) -38 % 
Hex. (β’)-60 % 
 

4.098(2) 
4.117(3) 
 

- 
- 
 

7.896(6) 
7.560(6) 
 

57.42 
55.50 
 

10.3 
6.6 
 

3.948 
3.780 
 

 
 

 

 

 

 

 

 

 

 

 

 


