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The discovery of superconductivity in the actinide intermetallics PuCoGa5 at the surpris-
ingly high temperature  Tsc = 18 K [1] stimulated considerable research into the interplay of 
magnetism and superconductivity in the AnT Ga5 series with An = (U, Np, Pu), X = (Co, Rh). We 
here report  on polarised neutron diffraction experiments  [2] performed on the hot neutron 
diffractometer D3 at the ILL using single crystals of  m = 160 mg and m = 125 mg of the su-
perconductor  242PuCoGa5 and its isostructural homologue NpCoGa5, respectively.  Our meas-
urements probe the spatial dependence of the magnetisation and reveal the microscopic mag-
netic properties in the normal paramagnetic state.

NpCoGa5 shows longitudinal-modulated antiferromagnetic order below TN = 47 K charac-
terised by a propagation vector  q = [0 0 ½] [3].  In the ordered state a moment of  µ = 0.8 µB 

parallel to the c-axis has been reported.  In the paramagnetic state a Curie–Weiss-like suscept-
ibility is observed (open diamonds in Fig. 1).  Our polarized neutron diffraction experiments in 
the paramagnetic state at T = 52 K indicate that the only significant magnetisation is associated 
with the neptunium atom.  We fitted the data quantitatively by a Np3+ form factor using the 
dipole  approximation.   We  find  an  induced  moment  consistent  with  bulk  magnetisation 
measurements (red diamond in Fig. 1) and the orbital and spin components as expected for in-
termediate coupling. 

The temperature dependence of the bulk susceptibility measured on the same crystal as used 
for the polarised neutron experiments is shown as open circles in Fig. 1.  At all temperatures the 
susceptibility of our sample, as well as of other samples recently investigated at ITU and LANL 
[4], is significantly below the values previously published (dotted line in Fig. 1) [1].  At ILL we 
measured magnetic structure factors at  T = 25 K, 50 K and 100 K. Within the experimental 
precision the magnetisation is induced on the plutonium site only.  Fitting the form factor shows 
that the orbital moment dominates the magnetisation.  The microscopic magnetisation is small 
and, when comparing the data at the three temperatures measured, temperature-independent 
(green dots in Fig. 1).  The neutron value agrees with the bulk measurement at T = 100 K, but 
the neutron measurements do not reproduce the low-temperature raise observed in the bulk 
measurements.  As the neutron value represents the contribution from the periodic moment 
arrangement only, we might attribute the additional contribution in the bulk measurements to 
impurities. 

In summary, we conclude that the normal state of PuCoGa5 is substantially different from 
that anticipated from a conventional Pu3+ ion, which would exhibit Curie–Weiss-like behaviour 
in the normal state.  Treating the electronic state of plutonium in PuCoGa5 appears to be similar 
to that encountered in plutonium metal [5].  Our findings are also vital input for theory on the 
superconducting  state,  which is  not  addressed by  our  experiments.   Current  models  [6,7] 
involve d-wave pairing but the nature of the mediating bosons has not been established [8]. 
The absence of a sizeable paramagnetic moment on the plutonium sites is a new fact that must 
be considered when assuming Cooper pairing mediated by spin-fluctuations. 
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Fig. 1.  Magnetic susceptibility (1 emu/mole = 1.79 µB / T) of  NpCoGa5 and PuCoGa5 as a function of 
temperature with B || a.   Blue diamonds: NpCoGa5 [3];  red closed diamond: NpCoGa5 deduced from 
the neutron form factor (this work);  dashed line: PuCoGa5 as previously published [1];  open black 
circles: measured at ITU on the sample single crystal as used for the neutron experiments;  green closed 
circles: deduced from the neutron form factor (this work). 
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The discovery of  d-wave superconductivity in PuCoGa5 at  the surprisingly high critical 
temperature of TC = 18 K [1] raised much interest, and triggered extensive research on the many 
complex and diverse phenomena which have been observed in the series of isostructural RMX5 

intermetallic compounds (R = cerium or light actinide element;  M = transition metal element; 
X = element of the boron group).  Current research on this family is enhanced by the possibility 
to explore links between unconventional superconductivity, magnetism, and non-Fermi liquid 
behavior  in  proximity  of  a quantum critical  point  [2].   No  long-range  magnetic order  is 
observed in  PuCoGa5,  but  theoretical work [3–6]  as  well  as  recent  NMR experiments  [7] 
suggest the presence of spin polarization and hence strong magnetic correlations.  On the other 
hand,  convincing  evidence  that  spin  fluctuations  really  act  as  pairing  boson  for  super-
conductivity is still lacking [8], mostly due to the fact that no direct measurement of the mag-
netic fluctuation spectra has yet been reported.  Inelastic neutron scattering is the technique of 
choice, but the large neutron absorption cross-section of  239Pu and  113In, and the lack of large 
single crystals of  242PuCoGa5 do not allow such experiments at the moment.  Nevertheless, 
useful hints on the spin fluctuations of  PuCoGa5 can be inferred from the magnetic excitations 
in the isostructural antiferromagnetic compound NpCoGa5; for instance, in UBe13 (an actinide 
superconductor which does not order magnetically) spin fluctuations have been reported at 
Q = (½ ½ 0), which bear similarities with the moment arrangement in the isostructural anti-
ferromagnet NpBe13. 

Here we present the results of inelastic neutron scattering experiments on NpCoGa5 [9]. 
This  compound shows antiferromagnetic order  below  TN = 47 K,  with an ordered magnetic 
structure on the Np sublattice defined by the propagation vector (0 0 ½).  This is exactly the 
reciprocal space position where theory predicts the dominant weight for the magnetic fluctua-
tions in PuCoGa5 [5].  Our experiment gives evidence for the existence of two energy scales for 
the magnetic excitations in the ordered phase; one is related to a non-dispersive excitation 
between two crystal field levels (with a bare gap modified by mean-field exchange), and an-
other corresponds to dispersive spin fluctuations.  The crystal-field splitting is compatible with 
earlier predictions based on essentially localized dipolar models,  which reproduce the bulk 
magnetic properties in the paramagnetic phase [10].  The dispersive magnetic response, on the 
other hand, reveals the presence of non-local excitations with an energy gap very close to that 
deduced from the low temperature dependence of the specific heat [11].  The low-energy peak 
is clearly visible also at T > TN  .  This signal cannot be attributed to a crystal-field transition, 
because of  the different intensities measured at  slightly different  values of  Q.   Therefore, 
although broader and weaker, the low energy excitation resulting from the spin-spin temporal 
correlation  clearly  persists  in  the  paramagnetic phase.   This  supports  the  possibility  that 
magnetic fluctuations centered around (0 0 ½) are present also in PuCoGa5, where they have 
been  proposed  as  a  possible  mediating  boson  responsible  for  the  appearance  of  su-
perconductivity [12].  Finally, it appears that the 5f electrons in NpCoGa5 are neither com-
pletely localized nor itinerant.  This dual nature is typical of the 5f shell in intermetallic com-
pounds and its elucidation is one of the main current topics in the physics of strongly correlated 
electron systems.  Recent Mössbauer spectroscopy studies of NpMGa5 point to a tendency 
towards localization of the 5f states with increasing number of  d electrons on the transition 
metal M [13].  It will therefore be interesting to extend our investigation to NpFeGa5, where an 
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essentially  itinerant  response  is  expected,  and to  NpNiGa5,  where  the  localized dynamics 
should dominate.
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Despite the intensive work carried out on PuCoGa5 since the discovery of its remarkable 
superconducting properties [1], several crucial points remain to be clarified, as for example the 
possibility of a magnetic nature of the Cooper pairing mediator, and the role of magnetism in 
determining the physical origin of the superconducting behavior in this compound [2].  One 
main ingredient of the puzzle is the impurity scattering which in nodal superconductors creates 
excitations  in  the  superconducting gap nodes [3].   In  general,  the  dependence  of  the  su-
perconducting ground state on the impurity scattering rate Γ may be probed quantitatively by 
inducing defects in a controlled way, for instance by irradiating samples with high-energy par-
ticles [4–6].  PuCoGa5 is quite unique in this respect, since defects are spontaneously produced 
by the α-decay of the Pu nuclei.  This has some advantages from the experimental point of 
view, since the amount of self-irradiation-induced defects in aged samples depends in a well 
defined way on ageing time and conditions; moreover, the density of defect thus attainable is 
spatially homogeneous and generally  higher  than that obtained by conventional irradiation 
methods.

In the present work [7], we have experimentally and theoretically investigated the role of 
self-induced defects and disorder in modifying the superconductive properties of PuCoGa5. 
Electrical resistivity measurements were performed on a polycrystalline PuCoGa5 sample aged 
for more than four years.  This long ageing time was required to observe a clear deviation from 
linearity in the time dependence of the critical temperature  TC and of the resistivity  ρ(Tc), 
whereas previous studies over shorter periods did not allow one to test this behavior [8].  Our 
experimental results are consistent with a dirty d-wave model for superconductivity with strong 
impurity  scattering.   To  put  this  finding into  context,  we  show that  the  observations  are 
consistent to what is expected from Eliashberg model for superconductivity [9,10].  We show 
that results of key experiments probing superconductive parameters (critical temperature, upper 
critical field, penetration depth, local spin susceptibility, spin-lattice relaxation rate, normal-
state  electrical resistivity) can be well reproduced by assuming a phononic mechanism for 
superconductivity, with reasonable values of electron-phonon coupling (as inferred from spe-
cific heat), plasma frequency (deduced from the electrical resistivity) and Coulomb pseudo-
potential.  Although the analysis we discuss cannot be considered a proof that phonons act as 
electron pairing mediators in PuCoGa5, it shows at least that sound evidence for the occurrence 
of magnetic pairing in this compound has not yet been provided.  More selective experiments 
are required to clarify the role of magnetic fluctuations in this compound.  In particular, a direct 
characterization of  the magnetization dynamics  by  inelastic  neutron scattering,  as  recently 
performed  on  the  isostructural  antiferromagnetic  compound  NpCoGa5 [11],  are  strongly 
demanded.
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We report  a combined theoretical-experimental investigation of the electronic structure 
properties of the actinide 218 compounds, which crystallize in the tetragonal Ho2CoGa8 crystal 
structure.  Specifically,  we study the group of  plutonium-based compounds Pu2MGa8 (with 
M = Co,  Rh,  Ir,  Fe,  and  Pd),  which  are  structurally  related  to  the  unconventional 
superconductors PuCoGa5 and PuRhGa5 [1–3]. 

To analyze trends within this family of actinide-218 materials, we compare the obtained 
electronic structure results for the Pu-218 compounds with results calculated for U-, Np, and 
Am-218 compounds.  On the basis of ab initio density functional theory (DFT) calculations, in 
the local-spin density approximation (LSDA) (see [4] for details), we optimize theoretically the 
equilibrium lattice parameters and the internal atom positions within the Ho2CoGa8 crystal 
structure.  The obtained lattice parameters are compared with experimental values, obtained at 
ITU-Karlsruhe, and generally found to be in good agreement when we assume delocalized 5f 
states.  An  exception  is  Am2CoGa8,  where  the  5f-itinerant  approximation  does — 
understandably — not work well.

To  investigate  the  effects  of  f-electron  localization,  we  also  performed  calculations 
adopting  the  f-core  approximation.  We  discuss  the  computed  electronic  structures,  the 
theoretical Fermi surfaces and calculated de Haas-van Alphen quantities for comparison with 
future experiments.  On account  of the elongated tetragonal structure,  the theoretical Fermi 
surfaces are quasi-two-dimensional for all compounds. The possibility of magnetic ordering is 
investigated, too. 

       Discussions with F. Wastin and E. Colineau are gratefully acknowledged. 
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We have measured the magnetization and heat capacity of PuPd3, from 2–300 K and in 
applied fields  up  to  7 T [1],  observing an  antiferromagnetic  transition  at  TN = 24.6 K,  in 
agreement with previous results [2].  Photoelectron spectroscopy was also conducted on thin 
film  samples,  prepared  by  sputtering  from  targets  that  had  been  used  for  the  bulk 
measurements, showing that the 5f electrons are well localised on the Pu-sites.  The effective 
paramagnetic moment of 1.0 µB/Pu, deduced from the magnetization measurements, suggests 
that the Pu-ion is trivalent, with its 5f 5 electrons in a Hund’s rules 6H5/2 ground state.  In the 
limit  of  LS-coupling, the effective  moment  is  predicted to  be  gJ√J(J+1) = 0.85 µB for  this 
ground state,  whereas  it  is  predicted to  be 2.7 µB for  a  tetravalent 5f 4 configuration with 
a Hund’s rules 5I4 ground state.

The magnetization and heat capacity data are shown in Figure 1.  As the  H/M curve is 
relatively straight, and we observed no large Schottky anomaly in the magnetic heat capacity at 
high temperatures, we deduced that the crystal field (CF) splitting is small.  The Pu-ion is in 
sites of cubic point symmetry, so the crystal field will split the 6 levels of the J = 5/2 ground 
state into a doublet and a quartet.  From the entropy, deduced by numerically integrating the 
measured specific heat, we determined that the ground state is the quartet [1]. 

However, calculations in pure LS-coupling failed to reproduce the measured data, so we 
have attempted to  calculate the magnetization in intermediate  coupling,  using the operator 
techniques of Racah [3]. We calculate the Hamiltonian including the Coulomb, spin-orbit, and 
linear configuration interactions, with free-ion parameters deduced from the optical absorption 
spectra of Pu3+ in LaCl3 or PuCl3 [4]; and crystal field interactions with parameters to be fitted. 
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Fig. 1. Bulk magnetisation and heat capacity of PuPd3 from 2–300 K.  The upper dotted line in the bottom 
left panel shows the LS-coupling prediction, whilst the dashed-dotted line shows the intermediate coupling 
calculation with no crystal field splitting.

We found, however, that these calculations also failed to reproduce the data, and that with 
no crystal field, we obtained a calculated effective moment of 1.4 µB, whilst with a finite crystal 
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field splitting, the effective moment only changes by ~0.1 µB. In fact, we calculate that we 
would need to double the Coulomb interaction parameter F2 (keeping the other parameters F4 

and F6 in a hydrogenic wavefunction ratio) in order to get the 1.0 µB observed. Whilst there 
may be small variations in the free ion interactions as measured in an insulator, such as PuCl3, 
compared to that in our metallic samples, it is unlikely to be so large.
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Fig. 2.  Photoelectron spectra of PuPd3 near the Fermi energy (a), left; and of core 4f states (b), right.

The photoemission spectrum near the Fermi energy is shown in Figure 2a.  Note that there 
is little spectral weight at the Fermi energy, the intensity being shifted to ~1 eV binding energy, 
which is  a  signature  of  localized electron behavior [5].   The lower  energy  He I  photons 
(hν = 21.22 eV, dashed line) are less sensitive to surface effects, but they are also less sensitive 
to the 5f states.  Thus, we interpret the shoulder in He II (hν = 40.81 eV) spectra at ~1 eV 
binding energy to be from the 5f electrons, whilst the other shoulder at ~5 eV to be from O-2p 
states due to surface impurities, as this shoulder also grows with non-optimal deposition.

Figure 2b shows the core level 4f transitions.  We observed only two peaks for each of the 
transitions from the 4f5/2 and 4f7/2 levels.  This indicates that the 4f hole is not screened by any 
5f conduction electrons, unlike in itinerant α-Pu, shown below, where each peak has a satellite 
due to this screening, further supporting the idea of 5f localization in PuPd3.

Heat capacity experiments using Pu doped into isostructural LuPd3 are planned to allow us 
to deduce the crystal field levels more accurately.  Previously we used nonmagnetic ThPd3 to 
estimate the phonon contribution, but this has the dhcp structure rather than the AuCu3 structure 
of PuPd3.
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We report  the  crystal  structure  and  physical  properties  of  several  new  actinide  (An) 
ternary  compounds.   An Pd5Al2 compounds  were  found  to  crystallize  in  ZrNi2Al5 -type 
tetragonal  structure  (space  group  I4/mmm)  for  Th,  U  [1]  and  Np  [2].   The  structure  is 
characterized as a stacking of  An Pd3 and Al2 blocks, as 
shown  in  Fig. 1.   Except  for  non-magnetic  ThPd5Al2, 
they  show  a Curie–Weiss  susceptibility  at  high 
temperature  with  an  effective  moment  approximately 
close to the free ion values (An3+ or An4+).   However, 
they  do  not  order  magnetically.   Temperature 
dependence of magnetic susceptibility  χ(T) in UPd5Al2 

approaches a constant  value below 10 K, as frequently 
observed in heavy fermion compounds or crystal-field 
singlet ground states [1].  On the other hand, NpPd5Al2 

exhibits  superconductivity  below  5 K,  which  is 
characterized  by  strong  Pauli-limiting  behavior 
originated from a extremely large spin susceptibility and 
heavy fermion characteristics [2].

Another new compound was found in U–Pd–Al sys-
tem [3].  Single crystal with an approximate composition 
U : Pd : Al = 1 : 3 : 8 was obtained by an aluminum flux 
method.   It  crystallizes  in  hexagonal  structure  (space 
group  P63/mmc).   The  single  crystal  X-ray  diffraction 
data were explained only by assuming a partial disorder: 
uranium atoms located  at  2c site  is  partially  replaced 
by (Al3).  As a result, chemical formula can be written as 
Ux(Al3)1–xPd2Al4 (x ≈ 3).  We note that isostructural com-
pounds were reported in several rare-earth and uranium 
phases  [4,5].   Similar  to  UPd5Al2,  it  shows  a  Curie–
Weiss susceptibility at high temperature.  An anomaly in 
χ(T)  and  specific  heat  was  found  most  likely 
corresponding to an antiferromagnetic transition.
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Fig. 1  Crystal structure of An Pd5Al2 ..
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The last decade has seen the interest of the scientific community refocused on the transura-
nium intermetallics due to the successive discovery of unconventional superconductivity in 
PuCoGa5  [1],  PuRhGa5  [2]  and  NpPd5Al2  [3].   These three  transuranium superconductors 
present high superconducting transition temperatures  (Tc > 5 K) and large critical field  Bc2 

values (> 14 T)  in  comparison to  heavy fermion superconductors (HFS)  based on  cerium 
(CeT In5,  T = Co,  Ir  or  CeCu2Si2)  or  uranium (UPt3,  UPd2Al3,  UNi2Al3,  UBe13,  URu2Si2). 
AnT Ga5 related systems (An = U, Np, Pu, Am T = Co, Rh) have been extensively studied dis-
playing strong anisotropic aspects especially in the case of NpCoGa5 and NpRhGa5 [4,5].  We 
decided to study NpPd5Al2 using another production technique to confirm superconductivity. 
We extended then our wok to the other compounds ThPd5Al2, UPd5Al2 and PuPd5Al2.  Here we 
report on the main features of low temperature properties of these new systems.

We synthesized these four compounds by arc melting stoichiometric amounts of constituent 
metals in a high purity argon atmosphere.  Single crystals extracted from the respective batches 
were then examined by X-ray single crystal (Enraf-Nonius CAD-4 diffractometer) and powder 
diffraction methods (Bruker D8 diffractometer).  The phase composition was determined by 
energy dispersive X-ray (EDX) analysis (Philips XL40) scanning electron microscope (SEM). 
All these techniques confirm the 1:5:2 composition and indicate that the crystal structure of the 
four systems is tetragonal with the ZrNi2Al5 structure-type (s.g. I4/mmm) (Figure 1). 

Magnetization  and  DC  magnetic  susceptibility  per-
formed on a Q D-MPMS SQUID down to 2 K and up to 
7 T indicate that ThPd5Al2 and UPd5Al2 are non magnetic, 
NpPd5Al2 is  clearly  superconductor  at  Tc=  4.9 K  and 
PuPd5Al2 is an antiferromagnet at 5.6 K.

The measurement of the specific heat, electrical resis-
tivity,  magnetoresistance  and  Hall  effect  has  been  per-
formed for all systems down to 2 K and up to 14 T. Ther-
mopower measurements has been achieved down to 4 K.

In the case of NpPd5Al2, we have determined specific 
heat down to 0.5 K under magnetic field to determine the 
symmetry of the superconducting parameter.   This latter 
seems to present line node symmetry different  from the 
point nodes symmetry reported in [3].  Indeed, Cp/T in the 
superconducting  state  is  linear  and definitely non expo-
nential confirming the d-wave symmetry.  The extrapolated 
linear coefficient of specific heat  γ, in the normal state is 
clearly  close  to  heavy  fermions  systems  reaching 
200 J mol-1 K2.

Fig. 1.  Crystallographic structure of the An Pd5Al2 systems.

Seebeck  measurements for  NpPd5Al2,  confirm strong 
correlations developing in this material.  Moreover, the overall shape of the magnetoresistance 
is similar to that expected for systems with strong Kondo interactions.  Both aspects points to 
unconventional superconductivity but coupling mechanism at the origin of it is still unknown.
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In recent years uranium-based compounds with the composition UT2M, where T stands 
for  d-electron transition metal and M is a  p-electron element, have attracted much attention 
because of large variety of their intriguing physical behavior, driven by hybridization between 
5f-electronic states and  s,p,d-states of neighboring atoms [1–7].  The compound UNi2Sn is 
a cubic  Heusler  phase  that  exhibits  a structural  transition  to  an  orthorhombic  structure  at 
T = 220 K, where both the magnetization and the electrical resistivity show large jumps and 
broad thermal hystereses [8,9].  Below the transition, clear indications of Kondo-like behavior 
were observed [8].  Motivated by these findings we have recently undertaken an exploratory 
study on the Np-based counterpart, i.e. NpNi2Sn, which is reported here for the first time.

A polycrystalline sample of  NpNi2Sn was synthesized by arc-melting stoichiometric 
amounts of the constituents under argon atmosphere.  The as-cast button was checked by X-
ray powder diffraction and shown to be single phase with an orthorhombic unit cell.  The 
structure  refinement  yielded  the  space  group  Pnma and  the  lattice  parameters:  a = 
9.6016(6) Å,  b =  4.3576  (3)  Å  and c =  6.5922  (4)  Å.  Magnetic  measurements  were 
performed in the temperature range 2–300 K and in magnetic fields up to 7 T using Quantum 
Design SQUID magnetometer.  Heat capacity and electrical resistivity studies were carried 
out over the temperature interval 2–300 K and in applied magnetic fields up to 9 T employing 
a Quantum Design PPMS platform.

Fig. 1  shows the temperature dependence of  the reciprocal  magnetic  susceptibility  of 
NpNi2Sn.  Above about 100 K, the χ-–1(T) curve can be approximated by a Curie–Weiss law 
with the effective magnetic moment µeff = 3.00 µB and the paramagnetic Curie temperature    θ
p = –198 K.  The value of µeff is somewhat larger than that expected for free Np3+ ions (2.8 µB). 

Fig. 1. Fig. 2.
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The large negative value of  θp may hint at strong electronic correlations.  As it is apparent 
from the inset to Fig. 1, the compound orders antiferromagnetically at the Néel temperature of 
15 K.  The magnetization measured in the ordered state is proportional to the magnetic field 
strength with no indication of any metamagnetic-like transformation up to 7 T (not shown).

The temperature variation of the specific heat of NpNi2Sn is displayed in Fig. 2. The 
magnetic phase transition at  TN = 15 K manifests itself as a small hump on the C(T) curve. 
This anomaly is hardly affected by an applied magnetic field. As shown in the lower inset to 
Fig. 2, in a field of 9 T the maximum in C(T) is slightly shifted to lower temperatures and gets 
faintly smaller  in  magnitude.   The electronic contribution to the specific heat,  derived as 
shown  in  the  other  inset  to  Fig. 2,  is  strongly  enhanced.   It  amounts  to  540  and 
250 mJ/(mol K2), when extrapolated to 0 K from the  C/T data taken above and below  TN  , 
respectively. 

Fig. 3  presents  the  temperature  dependence  of  the  electrical  resistivity  of  NpNi2Sn 
measured in zero magnetic field and in 9 T.  The resistivity is about 130 µΩcm at 300 K and 
hardly changes its magnitude over the entire temperature range studied.  In the paramagnetic 
state  the  resistivity  exhibits  a  logarithmic  temperature  variation,  characteristic  of  Kondo 
effect.  The least squares fit of the formula ρ(T) = ρ0  + ρ0

∞ –cKlnT to the experimental data 
yields the sum of the residual and spin-disorder resistivities  ρ0 +  ρ0

∞ = 138 µΩcm and the 
Kondo coefficient cK = 1.4 µΩcm/K.  The latter value is rather small.  The antiferromagnetic 

transition  at  TN manifests  itself  as  an 
inflection  point  on  the  ρ(T)  curve  and  a 
distinct Suezaki–Mori-type feature in the d
ρ/dT vs. T variation (cf. the inset to Fig. 3). 
Upon  applying  magnetic  field,  these 
anomalies  slightly  shift  towards  lower 
temperatures.  Deeply  in  the  ordered  state 
the resistivity is nearly independent of the 
magnetic field strength.  In a field 9 T the 
transverse  magnetoresistivity,  ∆ρ/ρ =  [ρ
(B)-ρ(0)]/ρ(0),  measured  at  2 K is  only  –
0.1%.   The  absolute  value  of  ∆ρ/ρ 
gradually increases with rising temperature 
towards  TN. The overall shape of the field 
variations  of  the  magnetoresistivity  is 
reminiscent  of  the  behavior  of  Kondo 
systems. 

In conclusion, the experimental results  obtained for NpNi2Sn strongly suggest that this 
new compound is an antiferromagnetic Kondo lattice, possibly moderately-enhanced heavy 
fermion system, one of very few known so far among Np-based intermetallics.
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Ternary intermetallic compounds UT2Si2, where T denotes a transition metal, show a rich 
variety of electronic and magnetic ground state properties such as Pauli paramagnetism, ferro- 
and antiferromagnetism.  In almost all cases only uranium atoms are observed to be magnetic. 
The X-ray and neutron diffraction measurements showed that UCu2Si2 crystallizes in the body-
centered-tetragonal ThCr2Si2-type structure with space group I4/mmm.  The neutron diffraction 
studies on polycrystalline samples of UCu2Si2 reveal ferromagnetic ordering of the uranium 
magnetic moments aligned below about  TC = 103 K.  The uranium ordered moment at 4.2 K 
was reported to be either 1.61 ± 0.05 μB [1] and 2 ± 0.1 μB [2].  Comprehensive approach to 
UT2Si2 series,  including  T = Cu,  based  on  ab-initio calculations  was presented  by 
Sandratskii and Kübler [3].  They obtained magnetic moment on uranium atom equal 
to  only  0.88 μB.   Recently performed  measurements on  single  crystal  UCu2Si2 [4]  gave 
TC = 100 K and observation of an antiferromagnetic phase in the range of 100–106 K.  The 
saturation moment was found to be 1.75 μB at 2 K and the electronic specific heat coefficient as 
20 mJ/(K2 mol). 

In this paper we present measurements based on a single crystalline sample with crystallo-
graphic parameters collected in Table 1.

Table 1.  Crystallographic characteristics for UCu2Si2: space group I4/mmm, 
lattice parameters  a = 3.985 Å, c = 9.945 Å, positions of atoms (x,y,z) in the unit cell.

Atom Site x y z
U 2b 0 0 ½
Cu 4d 0 ½ ¼
Si 4e ½ ½ 0.6177

The band structure calculations were performed by the Full Potential Linear Muffin-Tin 
Orbitals  method (FP LMTO) using the LMTART code (version 6.5) [5] and  Full-Potential 
Local-Orbital Minimum-Basis Scheme (FPLO, version 5.10-20) [6].  The results of magnetic 
moments  obtained using  local  spin  density  approximation  (LSDA)  were  much  too  small 
(~0.5 μB) because of cancelation of spin and orbital moment.  The calculations where the so- 
called orbital polarization was assumed based on Brooks scheme [7] in FPLO method gave 
much larger magnetic moment on uranium atoms, as well as much closer to the experimental 
results: 2.09 μB.  This result was obtained using the reciprocal space mesh contained 1992 k 
points within the irreducible wedge of the Brillouin zone.  The exchange and correlation po-
tential in the local spin density approximation (LSDA) was taken in the form proposed by 
Perdew & Wang [8].  The density of states (DOS) at Fermi level is equal 4.84 states/(eV f.u.), 
which corresponds to the electronic specific heat coefficient equal to 11.39 mJ/(K2 mol).
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Fig. 1.   Left panel:  Densities of electronic states for UCu2Si2: total and local contributions from the 
particular atoms, calculated by the method of ref. [6].  
            Right panel:  The experimental XPS spectrum of valence band.

The calculations without spin polarization were used to reproduce the experimental XPS 
spectra.  Such procedure was used because the experiment was performed at room temperature, 
well above TC.  In Fig. 1 (right panel) experimental spectrum of valence band is presented.  The 
peak for zero binding energy is formed mainly by U(5f) electrons and for about  –4 eV by 
Cu(3d) ones.
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    The  present  talk  focuses  on  intra-atomic  (Hund’s  rule-type)  correlations  and  their 
consequences  for  the  electronic  structure  of  actinides.   Important  phenomena  are  the 
correlation-driven  orbital-dependent  renormalization  of  the  hybridization  matrix  elements 
between 5f- and conduction electrons as well as the presence of multiplet structures in the 
spectral  functions.   The numerical  effort  of  exact  cluster  diagonalization,  however,  grows 
rapidly with system size.   Any quantitative description  of  bulk materials  will  necessarily 
involve some  approximations.   We  analyze  how various  approximation  schemes  perform 
when applied to cluster models.  Results for the ground state properties and spectral functions 
are discussed. 
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The volume collapse between δ- and α-Pu exemplifies a dramatic change of the character 
of the 5f states at the verge of localization. Any purely band description of the 5f states in δ-
Pu fails badly, yielding a magnetic state in contrast to weak paramagnetism seen in reality. It 
was shown recently using the LSDA+U approach that the partly localized 5f states indeed 
turn non-magnetic if the occupancy Pu-n5f increases above  ≈ 5.3 [1]. This approach turned 
similarly successful in describing ground state properties as well as excitations in Am metal 
and broad variety of Pu-based systems [2]. This includes also Pu-Am alloys, which preserve 
the  δ-Pu  fcc structure while  further expanding it.  Similarly interesting is  to alloy Pu and 
earlier actinides, namely Np and U. U exhibits practically no solubility in  α-Pu, but about 
10% Pu can be dissolved on orthorhombic α-U. 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 
[3]. Here we describe a XPS and UPS study of U-Pu alloys prepared by co-sputtering of U 
and Pu. 

Fig.1: U-4f core-level spectra (spin-orbit split 4f5/2 

and 4f7/2) reveal an invariable character throughout 
the  phases,  proving  that  the  5f states  do  not 
undergo  any  noticeable  change  between  pure  U 
metal  (top) and the ζ-phase.  

Fig.2:  Pu  undergoes  a  dramatic  change  from  ≈ 50% 
dilution  (i.e.  within  the  ζ-phase).  The  poorly  screened 
features (marked by the dotted line) start to dominate on 
the account of well-screened one (dashed line). 
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It is very desirable to check for possible Pu magnetic moments by bulk magnetometry in both 
phases. It will help to clarify the character of Pu ground state at the threshold of localization 
transition. 

Acknowledgement. This work was supported by the ACTINET consortium under project No. 
JP 6-18.
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The  4f  core-level  spectra  reveal  an  invariable  character  of  U-5f states,  which  remain 
practically identical to the situation in α-U. On the other hand, dramatic changes were found 
for Pu if diluted by U to more than 50%. The changes are not related to the ζ-phase structure 
(complex low-volume structure [3]).  For  example,  the spectra  for  69% Pu are  practically 
identical to pure Pu deposited under the same conditions, and the variation for 47% Pu is only 
minor.  The real  dramatic  changes  come only  then.  For  37% Pu,  i.e.  at  the  U-rich  phase 
boundary of the ζ-phase, the well-screened peak attributed to screening by itinerant 5f states is 
already somewhat suppressed. This tendency continues into the  α-U phase with diluted Pu 
(shown for  13% Pu),  where  the  “poor-screening”  peak,  located  at  2.4  eV higher  binding 
energy, dominates. Such spectrum can be interpreted as result of the loss of the predominance 
of 5f screening, i.e. typically due to 5f localization. 

Such changes cannot be investigated in detail in valence-band UPS spectra, in which the 
Pu and U 5f states overlap in the vicinity of the Fermi level. Fig.3 shows that variations in the 
Pu-5f emission are only minor comparing to the dominating U emission.     

Fig.3: UPS spectra for hν =40.81 eV photo- excitation 
(5f emission  dominant).  The  spectra  obtained  within 
this  work, complemented by  α- and  δ-Pu, exhibit  the 
characteristic triplet of peaks close to the Fermi level, 
supposed to reflect the 5f5 final-state multiplet [2].  

The  electronic  structure  of  Pu-U  was  also 
tested by LSDA and LDA+U calculations. We 
used PuU3  supercell with the lattice parameter 
of  γ-U. The LSDA yields a magnetic solution 
with total moments  MPu  = 2.5  µB  and  MU-I,II  = 
-0.58,  -0.29  µB.   When  Around  Mean  Field 
LDA+U  is  applied,  PuU3 becomes  non-
magnetic along with an increase of Pu-n5f from 
5.1  (LSDA)  to  5.3  (LDA+U).  For  FLL-
LDA+U, both Pu and U-atoms stay magnetic, 
and Pu-n5f = 5.1.

We can conclude that when Pu is diluted in U 
metal,  the  character  of  Pu  5f states  is  rather 
different than in  α-Pu. The 4f spectra point to 
their  localization. The same, but to a smaller 
extent,  is  true  for  the  ζ-phase,  although  it 
belongs to high-density phases similar to α-Pu. 
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The electronic structures of rare-earth elements (RE) and light actinides (A) compounds are 

dominated by f electrons.  The localized or itinerant behavior of these electrons is the main 
reason for the large variety of magnetic and electronic properties of these compounds. Strong 
differences in 5 f localization are known for Uranium and its compounds which vary between 
almost itinerant behavior in  α-U and more localized 5f states in  oxides like UO2.   X-ray 
absorption spectroscopy may give information on special feature of the electronic structure and 
especially on the occupation of valence states which are important for magnetic and electronic 
properties [1]. So, we have undertaken primary studies of X-ray absorption spectroscopy at the 
U  L3 edge  on  almost  covalent  or  ionic  compounds  with  well-known valence  state  U3+: 
U(COOH)3 

. 0.2H2O, U4+: U(C2O4
. 6H2O and UF4, and mixed-valent U3O8 to get information on 

the edge position and intensity of the 
white  line   in  respect  to  the  valence 
state.

XAS experiments were performed 
on the EXFAS beamline A1 at Hasylab 
using  two  crystal  mode  with  Si(111) 
monochcromator.   All  measurements 
were  made  on  powder  samples  in 
transmission  geometry  with  the  same 
reference  material  (UF4)  measured 
simultaneously  for  energy  calibration. 
First evaluations  show that an energy 
shift  ∆E = 1 eV  occurs  between  the 
white line maxima of UF4 and mixed 
valence compound U3O8  .  A negative 
energy  difference  ∆E = –1.5 eV was 
found  for  the  U3+ compound 
U(COOH)3 · 0.2H2O

These  differences  are  modest 
compared to the shift of the white line 
in L3 spectra of rare earth elements (e.g. 
E(Yb3+) – E(Yb2+) = 8 eV),  which  is 
mainly  caused  by  screening  of  the 
additional f-electron. 
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Among the equiatomic intermetallic AnTX (An = actinide, T = transition metal, X = p-metal) 
a long series of compounds crystallizes in the orthorhombic TiNiSi-type structure where the An 
atoms form zig-zag chains extended along the a-axis (Fig.1). 

Fig. 1  Orthorhombic  TiNiSi-type structure (space group Pnma, N°62).  Red, grey and blue spheres 
denote actinide, rhodium and germanium atoms, respectively.

Their properties, well documented for the uranium compounds, were shown to be driven by 
the hybridization between the 5f electrons and the d-electrons of the transition metal  T [1]. 
Hence,  members of this family of compounds exhibit  a variety of magnetic and electronic 
properties depending on the filling of the transition metal d-states : long range magnetic order 
for more filled d-states; spin fluctuations or weak paramagnetism for small number of d-elec-
trons. 

In the present study, we tuned the system by changing the actinide ion, instead of the trans-
ition metal atom.  We chose the  AnRhGe system which is particularly interesting as URhGe 
exhibits the coexistence of unconventional superconductivity (SC) with ferromagnetism (FM) 
at ambient pressure (TC = 9.5 K, TS = 0.25 K) [2].  We present here the magnetic and electronic 
properties of NpRhGe and PuRhGe [3]. 

NpRhGe orders antiferromagnetically  at  TN ≈ 21.5 K (Fig. 2),  whereas  PuRhGe remains 
paramagnetic down to the lowest temperatures achieved (∼2 K).  In the paramagnetic state, 
both compounds obey a modified Curie–Weiss law. 

The AnRhGe system can be represented on a Doniach-like diagram (Fig.3) where the Np 
and Pu compounds would be respectively  on the magnetic  and paramagnetic sides of  the 
quantum critical point.  The magnetic and electronic parameters of the whole system (An = U, 
Np, Pu) and the localized or itinerant character of the 5f electrons will be discussed. 
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Fig. 2.  Temperature dependence of the magnetization (circles) and the inverse magnetic susceptibility 
1/c  (squares) of NpRhGe.   Data have been measured with an applied magnetic field B = 7 T.   In the 

paramagnetic phase, 1/c  follows a Curie–Weiss behaviour (solid line). 
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For the last two decades, a great deal of 
attention has been paid to systematic studies 
of  ferromagnet  URhGe.   First  studies  have 
been conducted in the 80's,  where itinerant 
ferromagnetism below TC ~ 9 K was reported 
[1].  Further investigation has revealed in this 
compound a huge magnetoresistance,  which 
persists at temperatures much higher then TC 

[2].  This behaviour has been interpreted as 
due  to  magnetic  polaron  effect  associated 
with  short-range  interactions  between  U 
magnetic  moments.   Single-crystal  studies 
have indicated a large magnetocrystalline an-
isotropy with the easy magnetization  c  axis 
and strongly enhanced Sommerfeld ratio in 
the ferromagnetic state [3].  The most inter-
esting feature of URhGe is the coexistence of 
ferromagnetic phase with  p-wave supercon-
ductivity below Tsc = 0.25 K at ambient pres-
sure  [4].   Thus  this  shares  similar  features 
with  other  unconventional  uranium  ferro-
magnetic superconductors like UGe2 [5] and 
UIr [6].   This work aims to shed more light 
on  electronic  properties  of  this  interesting 
material.  Therefore, we have measured Hall 
coefficient RH and thermopower S in the tem-
perature  range  2–300 K  and  in  magnetic 
fields up to 5.5 T.  The Hall effect was ana-
lysed  in  a combination  with  magnetisation 
and specific heat data. 

Polycrystalline samples of URhGe were 
prepared by arc-melting method, using stoi-
chiometric constituents in a Ti-gettered argon 
atmosphere.   Magnetisation  measurements 
were  performed  using  Quantum  Design 
MPMS-5  SQUID  magnetometer.   Specific 
heat  (Cp)  measurement  was  performed  on 
a solid 15 mg piece using the thermal relaxa-
tion method.  Hall constant (RH) was meas-
ured using a standard 4-point  AC technique 
on the  bar-shaped sample.   The  Cp and  RH 

data  were  collected  using  a PPMS  system. 

Seebeck's coefficient S was carried out using 
steady gradient method.

Fig. 1 shows the temperature dependence 
of  the Hall  coefficient  RH,  measured  at  the 
magnetic field of B = 5 T. 

Fig. 1. Temperature dependence of RH of URhGe. 
Inset shows fit to the eq. (1).

In the whole temperature range studied RH  is 
positive.  This behaviour is often observed in 
strongly correlated electron systems [7].  The 
value of RH progressively grows with de-
creasing temperature and exhibits a maxim-
um of about 13.5×10–10 m3/C at 18 K.  In the 
temperature range 100–300 K the Hall coef-
ficient can be described by an empirical for-
mula developed for magnetic materials:

BMRRR sH /00 µ+=        (1) 

where R0 is an ordinary contribution, describ-
ing Lorenz motion of the charge carriers and 
Rs stands for an extraordinary component, re-
lated to the magnetic scattering.  The least 
squares fit of the data to this equation resul-
Applying eq. 1 to isothermal RH(B) data, we 
were able to investigate temperature de-
pendencies of the R0 and Rs (Fig. 2). 
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Fig. 2.  Temperature dependencies of  the 
ordinary R0 and extraordinary Rs Hall 

coefficients.  Inset shows n(T)-dependence.

The extraordinary component rapidly de-
creases below Tmax = 18 K, while R0(T) shows 
a pronounced minimum at ~15 K.  The value 
of  R0 at temperatures below 5 K is positive, 
which may indicate that major charge carri-
ers  in  this  temperature  range  are  hole-like. 
A combination  of  R0(2 K) = 2.3×10–10 m3/C 
with  the  Sommerfeld  coefficient  γ
(2 K) = 164 mJ/mole K2 yields  an  effective 
mass of the carriers  m* ~ 147 me.  The find-
ing classifies URhGe to class of heavy fermi-
on materials.  

The  existence  of  the  minimum  in  the 
R0(T)-curve indicates a remarkable reduction 
in  the  number  of  effective  charge  carriers 
(see inset of Fig. 2).  One of the possible ex-
planations for this  behaviour  is  the polaron 
effect, which was previously proposed to in-
terpret  the large magnetoresistance [2].   As 
TC is approached the short-range interaction 
between  magnetic  U-ions  plays  more  and 
more important  role  and magnetic  polarons 
become larger.  Obviously, this situation re-
duces the number of charge carriers.  Below 
TC  ,  the  magnetic  polarons  vanish  and  as 
a consequence  the  concentration  of  charge 
carries increases. 

Fig. 3.   S  vs. T plot. 
Arrow indicates the Curie temperature.

The  magnetic  polaron  scenario  may  be 
supported  by the  thermopower  data,  shown 
in Fig. 3.  A logarithmic dependence of  S(T) 
in the 16–60 K temperature range resembles 
the behaviour observed in CeCu6, CeB6 and 
CeAl3, where such a feature has been taken 
as a hallmark of the formation of heavy spin-
polaron charge carriers [9].  As Fig. 3 indic-
ates,  the  Seebeck  coefficient  changes  sign 
from  negative  to  positive  at  about  13 K, 
which quite coincides with the change found 
in the n(T)-dependence.  A peak in the S(T)-
curve occurs at  Tc  ,  which presumably is re-
lated to the reconstruction of the Fermi sur-
face due to the ferromagnetic ordering..

Interpretation of the RH(T) and S(T) data 
is further supported by the DFT calculations. 
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URuAl and URuGa crystallize in a hexagonal structure of the ZrNiAl-type (space group: 
P-62m) and they both are paramagnetic (PM) down to 20 mK [1].  This crystal structure, very 
common in a large series of the UTM ternaries (T is a 3d, 4d and 5d transition metal and M = 
Al, Ga, Sn, In, Sb), consists of two types of basal-plane layers, containing U,T(1) or  M,T(2) 
atoms alternating  along the  crystallographic  c axis.   The  uranium atoms form a distorted 
Kagomé lattice within their basal plane.  Hence, the coordination of uranium magnetic mo-
ments may be responsible for a geometrical frustration in the case of their antiferromagnetic 
(AFM) arrangement, as e.g. for UNiAl.  Thus, most of UTM compounds with the ZrNiAl-type 
structure choose a ferromagnetic (FM) order.  In contrast, URuAl, URuGa and UCoAl remain 
PM to the lowest temperatures though this paramagnetism is temperature dependent and ex-
hibits a huge anisotropy.  In both URuAl and URuGa, the respective U–U nearest distances are 
close to the Hill limit of 0.35 nm, so one can expect a partial delocalization of the 5f states due 
to a transfer of some 5f electrons into the U 6d and other ligand states, resulting first of all from 
a strong 5f-6d hybridization.  For URuAl and URuGa the characteristic maxima visible in 
temperature dependences of their magnetic susceptibilities observed even for polycrystalline 
samples allowed to consider them as spin-fluctuation systems [1].   This has recently been 
confirmed by our single-crystalline measurements [2,3].   Other single-crystalline studies of 
URuAl [4] revealed the huge uniaxial magnetocrystalline anisotropy in the PM state, caused 
not  only by the crystal field interaction but mainly by a  dominating hybridization-induced 
effect [5].  In turn, magnetization density investigations of URuAl, made by Paixão et al. [6] 
using  polarized-neutron experiment  on  a  single  crystal,  allowed  to  observe  an  essential 
magnetization density induced at the U and Ru sites, but especially in the U-Ru(1) basal plane 
due to the strong hybridization between the U 5f and Ru 4d states in this plane.  These results 
have clearly proved the existence of the large anisotropic 5f-ligand hybridization effects that 
may arise from the anisotropic chemical bonding of 5f electrons in the ZrNiAl-type lattice. 
Previously, this phenomenon was studied theoretically in the U(Fe,Ni)Al system [7]. 

In contrast to previous scalar-relativistic calculations done only for URuAl [8], we present 
here  our recent  results  of  full  relativistic  band structure calculations  for  both  URuAl  and 
URuGa, employing the full potential local-orbital (FPLO) minimum basis code [9], compared 
with our experimental X-ray photoelectron spectroscopy (XPS) data for valence bands and 4f 
core levels, obtained on single crystals [2,3].  Both compounds have very similar densities of 
states (DOS) and XPS spectra, although their Fermi surface sheets, inferred for the first time by 
us from theoretical data, and existing for each compound in 4 Brillouin zones, are much more 
different.  For both compounds, satisfying agreement between experimental and theoretical 
XPS results, displayed in Fig. 1 only for URuAl, is achieved.  It shows a very high degree of 
a delocalization of the U 5f electrons as well as essential differences between contributions of 
ruthenium 4d electrons originating from different atomic positions, Ru(1) and Ru(2).  The most 
likely it is due to differences between the Ru(1) 4d and Ru(2) 4d electrons in their hybridization 
with the U 5f electrons, caused by some differences in a character of chemical bonding U-Ru 
depending on a position of Ru atoms in the unit cell.

 For both systems studied, the 4f core-level spectra, shown in Fig. 2, also only for URuAl, 
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contain solely unique 1 eV-satellites except of main lines.  We suppose that this gives an evi-
dence of magnetic (spin)-fluctuations rather than the mixed-valence behavior.  In other uranium 
systems probably exhibiting  such properties we have  also  observed the existence  of 3 eV 
(sat. 2) and 7 eV (sat. 3) satellites.   Based on spin- and orbital-polarized calculations results 
obtained by us, we discuss also some other possible evidences of instabilities leading to mag-
netic fluctuations in these systems.  It turns out that in some cases the values of the spin and 
orbital  moments on a uranium atom almost compensate each other so that the polarization 
completely vanishes.  This is not a case, however, when the orbital polarization correction will 
be taken into account in calculations.  The latter leads to marked values of the ordered mo-
ments.

Fig. 1  The experimental and calculated total valence band XPS spectrum in URuAl, with the calculated 
partial XPS.

Fig. 2.  The experimental XPS of the U 4f core lines in URuAl, decomposed into the main sublines 4f5/2 

and 4f7/2 and their single satellites (sat. 1). 
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During the last decades the uranium-based compounds with the composition UTX, where 
T is a d–electron transition metal and X stands for a p-electron element, have attracted much 
attention for the various and intriguing physical behaviour driven by the hybridisation of 5f–
electronic states with  s,p,d–states of neighbouring atoms.  The UTX phases crystallize with 
several  different  crystal  structures,  as  the  hexagonal  ZrNiAl-  and  GaGeLi-types,  the 
orthorhombic TiNiSi-type and the cubic MgAgAs-type.  Previous studies showed that UPdSn 
has well localized 5f electrons with a small linear specific heat coefficient (γ ≈ 5 mJ/mol K2) 
[1].  This compound exhibits an antiferromagnetic phase transition (AF) at 37 K leading to 
a magnetic structure with orthorhombic symmetry.  A second transition occurs at 25 K, and 
the magnetic structure becomes of monoclinic symmetry [2].  The ordered magnetic moment 
on the U site is large (μord ~ 2 μB) [3].  Here we report for the first time on the synthesis, 
structure  and physical  characterization of  other  members  of  the  An PdSn family,  namely 
NpPdSn and PuPdSn.

Polycrystalline samples of the studied compounds were prepared by arc-melting stoichio-
metric amounts of the constituents under pure argon atmosphere. The samples were examined 
by  X-ray  single  crystal 
and  powder  diffraction 
methods. From the inner 
part  of  the  specimens 
small  single  crystals 
were  selected  and 
examined  on  a  CAD-4 
diffractometer.  For both 
samples  the  crystal 
structure  was  refined 
and  shown  to  be 
hexagonal,  of  the 
ZrNiAl-type 
(s.g.P62m),  with  lattice 
parameters  a  = 
7.5076 Å  and  c = 
4.0954 Å  for  NpPdSn 
and a = 7.5057 Å and c 
= 4.0853 Å for PuPdSn.

Magnetic  measure-
ments  were  performed 
in the temperature range 
2–300 K and in magnetic fields up to 7 T using a QD SQUID magnetometer.  These studies 
revealed in NpPdSn and PuPdSn an antiferromagnetic  ordering below  TN = 19 and 21 K, 
respectively. Moreover, for PuPdSn, another antiferromagnetic-like transition takes place at 
9.6 K (see Fig. 1). In the paramagnetic region, the magnetic susceptibility of NpPdSn follows 
a Curie-Weiss law with an effective magnetic moment µeff = 2.66 µB and a paramagnetic Curie 
temperature θp = -47 K.  The experimental value of µeff is very close to 2.68 µB expected in LS 
coupling for Np3+ ion. Moreover, the absolute value of the paramagnetic Curie temperature is 

Fig.1. Inverse magnetic susceptibility vs. temperature for PuPdSn. The solid 
line is a modified Curie-Weiss fit. Inset: low-temperature susceptibility in the 
vicinity of the magnetic transitions. 
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much larger than TN as usually found in systems with strong Kondo interactions. For PuPdSn, 
above T1, the susceptibility may be well described by a modified Curie-Weiss formula, with µ
eff = 1 µB, θp = -14 K and a temperature independent term χ0 = 2.1×10-4 emu/mol.  The value of 
µeff is larger than the free Pu3+ ion value expected for LS coupling (0.84 µB), but it is very 
close to that expected for intermediate coupling (1.01 µB). 

Heat  capacity  studies 
were  performed  in  the 
temperature  range  2–
300 K  and  in  applied 
magnetic fields up to 14 T 
using  a  QD PPMS.   For 
both samples the magnetic 
phase  transitions  mani-
fests  itself  as  a 
pronounced  λ–like 
anomaly in Cp(T) (data for 
PuPdSn  are  shown  in 
Fig. 2).   In  an  applied 
magnetic  field,  these 
peaks  gradually  weaken 
and  shift  to  lower 
temperatures. For NpPdSn 
the Cp/T ratio extrapolated 
from the region just above 
TN is 380 mJ/mol K2 while 
the  one  derived from the 
ordered state is about 90 mJ/mol K2.  These values are similar to the one observed in systems 
with strong electronic correlations.  For PuPdSn the linear specific heat coefficient (obtained 
below T2) is much smaller and is 8 mJ/mol K2.  It is similar to the Sommerfeld coefficient 
observed for UPdSn [1]. Using the specific heat data of ThPdSn the crystal field splitting of 
the Np3+ multiplet in NpPdSn is estimated to be of the order of 230 K with a doublet ground 
state.  Similar analysis performed for PuPdSn resulted in a total crystal field splitting of the 
Pu3+ multiplet of about 200 K with doubly degenerate ground state.

All results hitherto obtained for NpPdSn suggest that the compound may be classified as 
new  Np-based  antiferromagnetic  Kondo  lattice.  PuPdSn,  as  the  U  homologue,  reveals 
multiple  magnetic  phase  transitions  and  a  complex  low  temperature  magnetic  structure. 
Further experiments like thermoelectric power and Hall effect measurements are underway 
and the results will be presented.  
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       Fig.2.  Specific heat vs. temperature for PuPdSn.  
Inset: low-temperature data in the vicinity of the phase transitions. 
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In recent years, extensive work has been undertaken to develop high density U-based fuel 
comprising less that 20 at. % 235U, for the high neutron flux research reactors.  These fuels are 
typical Al-matrix composites that are cladded in Al alloy by roll bonding method to make thin 
plate-type assemblies.  As a prospective candidate, uranium metal itself has several undesirable 
properties which are mostly related to its allotropic form, α, stable at the operating temperature 
of the reactors.  Only the high temperature form, γ, stable above 775°C and below the melting 
temperature of 1132°C, is considered to show suitable properties under irradiation conditions. 
Unfortunately,  the  transformation  γ → α cannot  be  suppressed  by  quenching  the  high-
temperature γ form, but this can be achieved by chemical alloying.  U–Mo alloys, which easily 
retain to room temperature, the high temperature  γ-phase for samples containing more than 
5 wt. % Mo, appeared as the most promising candidates, the composition U–7Mo (7 wt. % Mo) 
being the reference alloy, so far [1].

First examinations of post-irradiated U–7Mo dispersion fuel evidenced a swelling of the fuel 
plates, mainly due to the formation of a U–Mo–Al interaction layer and its poor fission gas 
retention [2,3].  Comprehensive studies in the U–Mo–Al system [4–6], including assessment of 
the ternary phase diagram, diffusion experiments, micro-characterization (using µ-XRD and µ-
SAX) of ion-irradiated as well as non-irradiated samples have shown that the strong chemical 
reactions between the U-Mo fuel material and the Al-matrix result in the formation of two 
ternary  compounds,  UMo2-xAl20+x and  U6Mo4+xAl43-x,  which  are  therefore  thought  to  be 
responsible of both problems, the volume expansion and the gross pore formation.   As an 
engineering issue, the growth of the interaction layer has to be shorten. 

It is known from early development of dispersion fuels  for high performance research 
reactors, that a Si addition to the Al matrix, hinders the formation of the binary compound UAl4 

at  the  interaction  layer  between  UMo and  Al.   To  evaluate  the  influence  of  Si  on  the 
interdiffusion of UMo and Al [7], diffusion couple tests between U–7Mo and Al–7Si, were 
performed. A thinner interaction layer is observed at the interface between U–7Mo and Al-7Si, 
than for tests with pure Al matrix.  This contribution presents the results of the identification of 
the  phases  constituting  the  interaction  layer  as  well  as  their  chemical  and  structural 
characterizations.

Bulk samples were prepared by direct melting the stoichiometric amounts of U, Mo, Al and 
Si elements (purity >99.9 mass %), with various atomic compositions in an arc-furnace under a 
purified argon atmosphere.  Heat-treated samples were annealed at 800°C for 8 days, at 450°C 
for 3 weeks or allowed to cooled-down from 800°C to 300°C over 12 h.  The diffusion couples 
were prepared by clamping U–7Mo and Al–7Si pieces and annealing them at 450°C for 2 h 
under Ar+5% H2 .  All the samples were examined with a scanning electron microscope (SEM), 
analyzed  by  Energy  Dispersive  Spectrometry  (EDS)  and checked  by  θ–2θ diffractometry 
(XRD) using a  monochromatized CuKα1 radiation.   The interaction layer was sequentially 
polished before its analysis by X-ray diffraction.  

Figure 1 displays a SEM micrograph of the diffusion couple along with compositional 
profiles.   The compositional  contrast revealed on this backscattered electron image defines 
three main zones, featuring U–7Mo, the interaction layer (IL) and Al–7Si.  The interaction 
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layer appears to be constituted of two sub-layers, with atomic compositions U:34–Mo:1–Al:7 –
Si:58 and U:25–Mo:8–Al:27–Si:40, for the light grey and the medium grey areas, respectively. 

Fig. 1 SEM image of a diffusion couple after annealing at 450°C for 2 h along with compositional profiles 
(the red, purple, green, bleu and yellow lines represent the Al, U, Si, Mo and baseline, respectively).

X-ray diffraction experiments on plans perpendicular to the interaction layer growth front of 
the elements reveal two sets of diffraction peaks corresponding to the orthorhombic GdSi2-x 

type of structure and to the cubic AuCu3-type of structure. Comparison with EDS and XRD 
data obtained on bulk samples with initial composition in the vicinity of the atomic ratio given 
for the phases of the interaction layer, allowed proper elementary composition determinations 
and structural characterizations of the two intermediate phases.  
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Optimized mixed actinide dioxides, such as (U,Pu)O2 MOx, are considered as potential 
fuels for the next generations of nuclear reactors, including Gen-IV concepts. Since these 
materials are already successfully employed in PWR’s, additional studies focused on their 
general behavior are now undertaken in order to fit with the requirements of generation IV 
reactors. Particularly, the homogeneity of the cations distribution in the structure as well as the 
density of the oxides could be enhanced to stand higher temperatures and pressures. One of 
the ways currently explored to achieve these objectives deal with the initial precipitation of 
actinides oxalates as low-temperature crystallized precursors of the mixed dioxides [1]. In this 
framework,  our  study was focused on the elaboration of  mixed (Th,U)-oxalates as model 
compounds then to their sintering leading to dense and homogeneous (Th,U)O2 pellets.

The first part of this work was dedicated to the synthesis of Th1-xUx(C2O4)2  2H2O solid 
solutions following two wet chemical routes based on precipitation processes. In the first case, 
the  mixture  of  acidic  solutions  containing  the  cations  with  concentrated  oxalic  acid  was 
placed in an open vessel at 50°C. For the second method, the initial mixture was placed in a 
closed container set in an acid digestion bomb. The whole system was then heated at 130°C 
for one week in order to reach hydrothermal conditions. In both cases, the formation of a 
complete solid solution between U- and Th- end-members was evidenced (fig. 1). Moreover, 
the  structure  of  the  thorium oxalate  dihydrate  (Th(C2O4)2  2H2O)  was  deduced  from that 
reported  for  U(C2O4)2  2H2O  [2].  The  structural  modifications  observed  when  replacing 
tetravalent uranium by thorium in mixed compounds were also correlated to the variation of 
the location of the vibration bands in the µ-Raman spectra. 
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Fig. 1  Variation of the unit cell parameters of Th1-xUx(C2O4)2  2H2O solid solutions versus x.
The effect of the preparation method on the crystallinity and on the morphology of the 

powders  was  then  extensively  evaluated.  From  XRD,  the  compounds  obtained  through 
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hydrothermal  processes  appeared  much  more  crystallized  than  that  prepared  by  direct 
precipitation and present a larger grain size ranging from about 20 to 50 µm corresponding to 
an  associated  specific  surface  area  close  to  0.2  m2.g-1.  This  last  value  was  significantly 
enhanced  after  an  initial  heat  treatment  at  450°C.  Indeed,  the  dehydration  and  the 
decomposition of the oxalate entities into CO and CO2 [3] led to a significant modification of 
the microstructure, especially concerning the specific surface area.

This high powder reactivity was then used as starting material to perform the sintering of 
(U,Th)O2 mixed oxides.  The densification process was composed by an uniaxial  pressing 
followed by a heat treatment at high temperature. The operating conditions were set up to 10 
hours at 1500°C after performing a set of dilatometric experiments. The density of the pellets 
was generally found to about 90% of the calculated value while the porosity appeared equally 
divided  between  close  and  open  pores.  These  results  appear  consistent  with  the  SEM 
micrographies  (fig.  2).  Finally,  complementary  experiments  using hot  pressing  techniques 
allowed to obtain more cohesive materials with relative densities close to 100%. 

Fig. 2  SEM micrographs of Th1-xUxO2 pellets obtained after heating for 10 hours at 1500°C.

Further  experiments  are  currently  under  progress  to  evaluate  the  resistance  of  such 
optimized materials to aqueous alteration . Various acidic media will be considered in order to 
simulate either the reprocessing or the underground storage of the mixed dioxides. Special 
attention will be payed to the eventual formation of neoformed phases in the back-end of the 
initial dissolution process. 
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Complex Antimonates for Nuclear Waste Management
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We present a possible methodology for nuclear waste extraction and immobilization by 
mixed oxides based on pyrochlore antimony oxides. The possibility to extract and immobilize 
radionuclides within the same crystalline matrix could enhance the environmental safety of 
the process as well as reduce the process’ cost.  Such a methodology would include extraction 
of  hazardous  radionuclides  from  waste  solutions  by  inorganic  ion-exchanger  based  on 
polyantimonic  acid  and  sequential  modification  of  the  ion-exchanger  to  obtain  ceramic 
samples suitable for disposal.  Antimonates provide a wide range of properties which can be 
easily tuned by doping. In the report we present and discuss results of our studies of doped 
antimonates with emphasis on the characteristics appropriate for nuclear waste management.

The selectivity  of  ion-exchange on polyantimonic acid can be varied by doping with 
elements of IV–VI group.  The effect of doping on the selectivity towards various ions is 
described by simple crystal chemistry consideration – it depends on dopant’s charge and size. 
More complex problem is the stability of antimonates’ pyrochlore structure with respect to 
radiation and heat. The radiation tolerance of complex oxides is based on the accommodation 
of point defects produced by decay and resistance to amorphisation [1]. This can be achieved 
by modification of exchanged acid (hydroantimonate) with oxides of d-elements [2].  The 
modification  process  is  similar  to  technique  used  in  technologies  for  immobilization  like 
SYNROC – hot isostatic pressing – so both can be performed in one stage.  Appropriate phase 
diagrams are investigated and possible technological path is developed.  Experiments with 
model solutions confirm the prospects of such methodology.
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Bacteria–Actinide Interactions:  An Environmental Perspective
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Soils, sediments, and waters heavily polluted with radionuclides and other toxic metals, are 
a reservoir of unusual bacteria well adapted to these extreme environments.  These bacteria 
possess fascinating mechanisms for interaction with and bio-transformation of radionuclides 
and  other  heavy  metals,  thus  regulating  the  mobility  of  the  metals  in  the  environment. 
Microorganisms can mobilize radionuclides and metals through autotrophic and heterotrophic 
leaching, chelation by microbial metabolites and siderophores,  and methylation, which can 
result in volatilization.  Conversely, immobilization can result from sorption to cell components 
or exopolymers, intracellular sequestration, or precipitation as insoluble organic and inorganic 
compounds, e.g. oxalates, sulfides, or phosphates.  The present work is intended to give a 
overview of the key processes implicated in the interaction of uranium with bacterial strains 
isolated from different extreme environments including uranium mining waste piles as well as 
groundwater of a radioactive repository.   For this purpose, a combination of spectroscopic 
(EXAFS,  XANES,  TRLFS),  microscopic  (TEM),  microbiological  and  wet  chemistry 
techniques is  used.   Elucidating the  interaction mechanisms microbe/metals is  helpful  for 
understanding the role which bacteria play in the transport and mobility of toxic metals in the 
environment as well as their biotechnological application in the bioremediation of heavy metal 
contaminated waters.
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We have investigated the behavior of He in the nuclear fuel UO2 .  He is produced by α-
decay of some actinide elements already present or formed under irradiation.  If He is released 
from the UO2 grains and its concentration exceeds approximately 1%, it can precipitate in the 
formation of bubbles at the grain boundaries and contribute to diminishing the mechanical 
strength of the fuel matrix [1,2]. Therefore, the behavior of He in UO2 is an important safety-
limiting factor of nuclear fuel materials during or after in-reactor operation.

To understand favored He locations in the UO2 lattice as well as the diffusion pathway of 
He, we have performed ab initio total energy calculations based on the density function theory 
(DFT)  method.   First,  we  have  calculated  the  incorporation  energy  of  He  trapped  at  an 
octahedral  interstitial  site  (OIS)  and  compared  the  results  with  those  obtained  for 
incorporation at  U or O vacancies.   The incorporation energy is  calculated as the energy 
difference between two systems where He is trapped at an OIS and at a vacancy, and can be 
written as follows,

( ) ( )1-N
V

1N
He

N
He

N
perfectIn xOISx

EE-EEE ++= +
                        (1)

where VX is a vacancy of X-element, which is  a  uranium or oxygen atom, HeOIS and HeX 

indicate that He is trapped at an OIS and at a vacancy of X-element, respectively.  N is the 

number of atoms in the supercell, which is 96 in this study, and N
perfectE  is the total energy of a 

defect-free supercell.  Next, calculating the energy barrier between the adjacent equilibrium 
trap sites, we have investigated the diffusion pathway of He. As the number of He atoms is 
increased,  we  have  calculated  the  variation  of  the  lattice  constant  of  UO2  with  He 
concentration.  The favored configurations and interactions of several He atoms in the fuel 
matrix have been calculated as well. 

To describe the electron-ion interaction, the projector augmented wave (PAW) [3] method 
has been employed. The generalized gradient approximation (GGA) [4] functional has been 
used for the exchange and correlations of the electrons. Plane waves with a kinetic energy up 
to 400 eV have been used to expand the wave functions, and the electron charge density has 
been  obtained  by  using  a 2×2×2  k-point  grid  within  the  Brillouin  zone.   For  all  defect 
structures  we  relax  atomic  positions  until  the  forces  are  less  than  0.01 eV/Å.   A 2×2×2 
supercell containing 96 atoms has been employed to model a defect structure and Gaussian 
smearing of 0.05 eV was enough to converge the electronic structure of the large supercell. 
All calculations have been performed with the VASP code [5-7]. 

Table 1 shows the calculated incorporation energy for different locations of He in UO2, 
and the negative value indicates the energy decrease of He when moving from an OIS to 
a vacancy.

Table 1  Incorporation energy of He calculated at different sites

VU OIS VO

EIn (eV) -0.70 0.00 0.67

The calculated incorporation energies show that the most stable site of He is a U vacancy 
among single vacancies and interstitial sites. Although a U vacancy is energetically the most 
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stable location, a U vacancy may not be the majority site of He if a low concentration of 
vacancies is  present.  He is  then more likely to be found at an OIS than at  a U vacancy. 
However, when defects are continuously created by radiation damage, He is increasingly to be 
found at U vacancies. Furthermore, we calculated the energy barrier for He moving from one 
trap site to the nearest adjacent trap site. The rate-determining diffusion process of He was 
obtained in the movement between interstitial sites as shown in Fig. 1 and its energy barrier 
was calculated as 2.97 eV . 

U He

U

U

He U

: saddle point: octahedral interstitial site,

Figure 1  Migration of He between two interstitial sites.

However,  this  energy  appears  overestimated  by  about  49%  compared  with  the 
experimental  data  of  2.00  eV  [8].  The  origin  of  this  discrepancy  is  being  investigated; 
currently we are considering the spin-orbit coupling effect combined with spin-polarization. 
For diffusion through vacancy-assisted hopping, He has a quite low energy barrier. Although 
vacancy-assisted  diffusion  hardly occurs  at  normal  operating temperature,  due to  the low 
concentration and the limited migration of vacancies, vacancy-assisted diffusion of He could 
occur readily in UO2 when provided with defects by radiation damage. Also, we have found 
that the lattice constant almost linearly increases with the number of He atoms, and that the 
interaction between He atoms shows a repulsive character. 
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The low-temperature properties of NpO2 have recently attracted much attention because its 
second-order phase transition, occurring at T0 = 26 K, has been proposed as the first example of 
ordering driven by a magnetic-multipole (MM) primary order parameter (OP) [1,2].  Resonant 
X-ray [2] and 17O-NMR [3] measurements demonstrated the occurrence of longitudinal triple-q 
ordering of electric quadrupoles.  The latter have been interpreted as secondary OPs induced by 
a  longitudinal  triple-q ordering  of  magnetic  multipoles.   In  fact,  both  the  saturating 
susceptibility as T  tends to zero and µSR experiments indicate that time-reversal symmetry is 
broken below T0. 

The most likely driving MM order parameter has been identified with a rank-5 triakonta-
dipole [4].  This scenario implies a splitting of the Γ8 crystal-field ground quartet of the Np4+ 

ions into a doublet and two singlets [4], whereas electric quadrupole order alone would split the 
quartet into two Kramers doublets [5].  We have calculated dynamical magnetic susceptibilities 
in the ordered phase by including fluctuations around the 4-sublattice ordered configuration 
within the Random-Phase-Approximation approach.  Only triakontadipole–triakontadipole and 
dipole–dipole two-ion couplings have been considered.  The two allowed mean-field transitions 
from  the  ground  state  yield  dispersive  branches,  whose  details  depend  on  the  specific 
assumptions on two-ion couplings made in the calculation.  The resulting spherically-averaged 
(powder)  INS cross-section (Fig. 1)  displays two broad peaks at  energies  around 6.5 and 
14 meV.  Previous  INS experiments  explored an energy transfer  range  up to 11 meV, and 
revealed an excitation at 6.5 meV [5].

Fig. 1.  Measured powder spin-flip INS spectrum for Q = 1.9 Ǻ–1 (black circles: T = 5 K, red triangles: 
T = 35 K).  Line: calculation convoluted with the 1.5 meV gaussian resolution function.  The left-hand 
peak involves excited states where typically one Np ion (indicated by an arrow) has its quadrupole 
reverted and vanishing  MM moment.  The other peak(s) involves excited states where typically one Np 
ion has its MM moment reverted.

In order to demonstrate the presence of further magnetic INS signal above the 3–11 meV 
in the previously explored energy window, we have performed a new powder experiment on 
the triple-axis polarized neutron spectrometer IN20 at  the Institut  Laue– Langevin.  Some 
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results for the spin-flip scattering are shown in Fig. 1:  in addition to the already measured peak 
at about 7 meV, there is indeed further structured signal in the range 11–18 meV, disappearing 
above T0.  The observed powder high-energy signal is structured in two peaks whose overall 
intensity well compares with the calculated one.  The presence of two peaks instead of a single 
one shows that further terms must be added to the simple RPA model we used.  In fact, many 
more  two-ion  electric-  and magnetic–multipole  couplings  (including  cross-terms,  coupling 
different ranks) than assumed in the calculation are expected to contribute to the dynamical 
susceptibility.  In fact, by using a Hubbard-type Hamiltonian we have performed microscopic 
calculations  of  superexchange  interactions  in  NpO2 which show that  a wealth  of  two-ion 
couplings  between  electric  and magnetic multipoles of  many different  ranks are  sizeable. 
Interactions involving triakontadipoles are particularly large, consistently with the proposed 
scenario for the primary OP.
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Formation and Stability of Actinide High Oxides

A. Seibert, T. Gouder, F. Huber
European Commission, JRC, Institute for Transuranium Elements, Postfach 2340, 76125 

Karlsruhe, Germany

Stability of actinide dioxides AnO2 (An = Th, U, Pu, Np, Pu and Am) towards further ox-
idation is of particular interest in nuclear waste storage.  Dioxides are commonly used in con-
ventional and advanced reactor fuel types or are formed as minor actinides during in-reactor ir-
radiation.  The possible formation of higher actinide oxides out of the dioxides (UO2 and PuO2 

or the mixed oxides) directly influences the dissolution behaviour of the spent fuel [1], because 
the solubility drastically increases above oxidation state +4.  The recently claimed existence of 
PuO2+x [2] — after decades of believing in a very stable PuO2 — and the controversial discus-
sion following this surprising finding [3–5] unveiled the fact that especially for plutonium, as 
well as neptunium, the existing data set concerning their An–O phase diagrams is unsatisfactory 
[6].  This renewed the interest in the basic research of actinide oxides [7,8].

In this work we investigate the interaction of AnO2 surfaces with oxygen, by photoemission 
spectroscopy.  The studies are performed on actinide thin films (5 to 120 monolayers, ML), 
produced by sputter deposition from actinide metal targets.  As oxidising agents we used mo-
lecular oxygen (O2), which needs chemisorption and dissociation prior to reaction, and atomic 
oxygen (O·), the most reactive oxidizing species thus allowing the determination of the highest 
valence state that can be reached in the oxides.  Photoemission gives information on the chem-
ical composition of the surface region, and allows following oxidation and corrosion processes 
on these surfaces.  UPS (UV photoelectron spectroscopy) and XPS (X-ray photoelectron spec-
troscopy) allows distinguishing between the uppermost surface layer probed by UPS and the 
deeper lying atomic layers (probed by XPS, ~ 10 ML).  Direct information on the oxidation 
state is obtained from the 5f n intens-
ity, which linearly decreases upon ox-
idation.

Figure 1  shows  the  UPS-HeII 
spectra of U, Np and Pu oxide sur-
faces.  The f-states of these elements 
have a decreasing tendency for bond-
ing (hybridization), and this translates 
in decreasing readiness of these ele-
ments  to  form stable  higher  oxides, 
after exposure to the highly reactive 
atomic oxygen (O·).  Uranium spon-
taneously reacts to UO3,  as seen by 
the  disappearance  of  the  U-5f  line 
(UO2: 5f 2, UO3: 5f 0). UO3 is stable 
upon heating to 300°C.   NpO2 also 
oxidizes  to  a higher  oxide  (higher 
than Np2O5,  judged from the  Np-5f 
intensity).  The oxide is also stable after short heating to 300°C, however decomposes after ex-
tended heating (in contrast to UO3). PuO2 also reacts with atomic oxygen, as seen by the sup-
pression of the 5f 4 emission.  After heating to 200°C, the 5f line grows again showing the high-
er oxide to decompose.  XPS-An4f data show, that both U and Np form stable bulk oxides, 
while Pu, even at low temperature, only forms as top surface oxide.  Further information on the 
nature of supplementary surface oxygen is provided by the O-2p emission: in Pu it appears as 
an extra peak superimposing onto the O-2p lattice oxygen band.  Together with the absence of 

Fig. 1  AnO2 (An = U, Np, Pu) interaction with atomic oxygen.
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bulk oxide this indicates, that supplementary oxidation in PuO2 has to be described in terms of 
chemisorbed oxygen, forming a local bond at the top-surface.

Figure 2 shows the corresponding UPS-HeII spectra of Th and Am oxides, and their reac-
tion with atomic oxygen. In ThO2 only a broadening of the O-2p line together with a shift to 
low  binding  energy  (BE)  is  ob-
served.  This is attributed to oxygen 
chemisorbed on the surface, leading 
to negative charging of the surface 
(band bending,  decrease  of  Fermi-
energy).  However, no separate O-2p 
line appears,  in  contrast to PuO2+x, 
showing the amount to be small: In 
ThO2,  there  are  no  non-bonding 
states available as surface dangling 
bonds, in contrast to PuO2.  Finally, 
Am only oxidizes up to AmO2 – no 
higher oxide is observed even after 
exposure to atomic oxygen.  AmO2 

has non-bonding surface states (5f3 

configuration).   However,  these 
states are too localized to be activated for bonding, even in presence of a highly oxidizing 
counterpart.  Strong 5f localization is also indicated by the good stability of the Am2O3, which 
is the saturated surface oxide after exposure to molecular oxygen, in the dosage range used. 
Under similar condition, Pu immediately oxidizes to PuO2, thus involving one 5f-electron.

In conclusion, the comparative study shows a gradual decrease of higher oxide stability. 
This is attributed to the increasing localization of the 5f states upon increasing Z. 
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Seven new quaternary uranium chalcogenides, AM UQ3 (A = K, Rb, Cs; M = Cu, Ag; Q = 
S, Se),  were prepared from solid-state reactions.  These isostructural materials crystallize in the 
layered  KZrCuS3 structure  type in  the  orthorhombic space  group Cmcm.  The structure  is 
composed of UQ6 octahedra and  MQ4 tetrahedra that share edges to form 2

∞[UMQ3
−] layers. 

These layers stack perpendicular to [010] and are separated by layers of face- and edge-sharing 
AQ8 bicapped trigonal prisms.  There are no Q−Q bonds in the structure so the formal oxidation 
states of  A/U/M/Q may  be  assigned  as  1+/4+/1+/2−,  respectively.  CsCuUS3 shows 
semiconducting behavior with thermal activation energy  Ea = 0.14 eV and σ298 = 0.3 s/cm. 
From single-crystal absorption measurements in the near IR range the optical band gap of these 
compounds is smaller than 0.73 eV.  Periodic spin band-structure calculations on the CsCuUS3 

and CsCuUS3 establish two energetically similar antiferromagnetic spin-structures and show 
magnetic interactions within and between the layers of the structure.  Density-of-state analysis 
shows  M–Q orbital  overlap  in  the  valence  band and unique  U–Q orbital  overlap  in  the 
conduction band.

This research was supported by the U.S. Department of Energy, Basic Energy Science Grant 
ER-15522
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The chemically inert nature of the uranium oxo bonds in the linear uranyl dication, render 
it  a  problematic  environmental contaminant and  a chemically  interesting  challenge.   The 
increased oxo-group reactivity of its heavier relatives, the neptunyl and plutonyl cations also 
makes the interactions of uranyl oxos an interesting target.

In  a  collaboration with  Dr Jason Love’s  group, we have  made uranyl adducts  of  the 
pacman-shaped polypyrollic, macrocyclic ligands,  1, which they designed.  The shape of the 
potentially ditopic macrocycles allows only one uranyl cation to bind,[1] desymmetrising the 
linear ion, and allowing us to address the endo-oxo with reagents bound in the bottom pocket, 
and the exo-oxo with reagents that will not fit in the “mouth”. 

We will present the first molecular cation-cation complexes 2 that combine the uranyl ion 
with transition metal cations and which retain their structure in solution.[2]  We will also show 
how perturbation of the bonding in the uranyl unit allows it to break carbon-silicon bonds, and 
show  unprecedented  uranyl  oxo-group  silylation  and  single  electron  reduction  chemistry, 
complex 3. [3]
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Several  binary and ternary uranium intermetallic  compounds are  well  known for their 
interesting and unusual physical properties [1], arising from all the possibilities of electronic 
and orbital interactions allowed by the uranium configuration, such as orbital hybridization and 
delocalisation of the 5f electrons.  Spin fluctuations, magnetic transitions and ordering, itinerant 
or  localized magnetic  moments,  Kondo effect,  heavy-fermion states,  etc.  [2]  are  exhibited 
frequently by uranium compounds.  The ternary uranium-iron-germanium intermetallics are 
often described as highly correlated systems, many of them showing heavy-fermion behaviours 
and regarded as potential new thermoelectric materials [3].  Following the previous exploratory 
work made on the U-Fe-Ge ternary phase diagram [3], where new compounds were identified, 
we decided to continue with their structural and magnetic characterization.  In this work we 
present preliminary results on the U2Fe3Ge uranium intermetallic.

The samples were prepared by direct melting the stoichiometric amounts of U, Fe and Ge 
elements (purity >99.9 mass%), with a nominal 2:3:1 ratio, in an arc melting furnace and under 
Ti-gettered  argon.   The  ingots  were  remelted  several  times  in  order  to  ensure  a  good 
homogeneity.

X-ray  powder  diffraction  patterns  were  collected  at  room  temperature  from  a poly-
crystalline powdered sample. U2Fe3Ge crystallizes in the MgZn2-type structure (Fig. 1), space 
group  P63/mmc,  with  a = 5.182(2) Å,  c = 7.850(1) Å,  V = 182.567(2) Å3 and  Z = 2.   The 
existence of a small amount (< 5% vol.) of the low temperature UFeGe phase could be also 
deduced from the powder X-ray diffraction analysis. 

Figure 1- Unit cell of the U2Fe3Ge compound.

The  small  amount  and  the  paramagnetic  behaviour  of  the  minor  phase  [4],  allowed  the 
magnetic characterization of the U2Fe3Ge compound.  The magnetization measurements were 
performed on fixed powder, between 2 and 300 K and for magnetic fields up to 5 T. 
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The results showed that the U2Fe3Ge compound presents a ferromagnetic-type transition at 
TC  = 55 K, with Msp = 0.77 µB/f.u. at T= 2 K (Fig.2).  For temperatures higher than 100 K the 
susceptibility data can be fitted to a modified Curie-Weiss law, with θp = 53.7 K and µeff = 3.78 
µB/fu.

a) b)

Figure 2- Magnetization studies of U2Fe3Ge compound: temperature, a), and field, b), dependences.

These  preliminary results  clearly  indicate  the  existence  of  a  new  uranium magnetic 
compound in the U-Fe-Ge ternary system.
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Within the scope of finding new strongly correlated electron compounds with unusual 
physical  properties,  we  are  studying  the  U–Ru–Al  system that  has  not  been  extensively 
explored so far.  URuAl with hexagonal ZrNiAl-type structure is the only reported phase in 
literature.  It exhibits a paramagnetic spin fluctuator behaviour at low temperatures [1] without 
magnetically ordered state down to 20 mK [2].

The U–Ru–Al isothermal section at 973 K has been experimentally investigated, revealing 
the existence of new ternary phases. 

The crystal structure of three of them, namely U3Ru4Al12, URu2Al10 and URu3Al10 have 
been  determined  by  single  crystal  X-ray  diffraction  at  room  temperature.   U3Ru4Al12 

crystallizes in the hexagonal Gd3Ru4Al12 type structure (space group P63/mmc, n° 194, Z = 2) 
with cell parameters a = 8.8300(1) Å and c = 9.4296(2) Å.  URu2Al10 adopts the orthorhombic 
YbFe2Al10 type structure (space group Cmcm, n°63, Z = 4) [3] with a = 8.998(1) Å,                 b 
= 10.229(1) Å and c = 9.092(1) Å.  URu3Al10 crystallizes in an orthorhombic structure deriving 
from the  NdCo3Ga9 type  (space  group  Imma,  n°74,  Z =  4)  with  a =  4.1897(1)  Å,  b = 
12.4188(5) Å and c = 17.5339(6) Å.  Figure 1 represents these three structures.

Fig. 1.   Crystal structures of (a) U3Ru4Al12, (b) URu2Al10 and (c) URu3Al10

The magnetic properties of these intermetallic compounds have been investigated in the 
4.2–400 K temperature range using a SQUID magnetometer.

The magnetic  susceptibility  of  URu2Al10 presents  a  broad plateau  at  low temperature 
characteristic of spin fluctuating [4] or mixed valence [5] compounds (Fig. 2).  Such behaviour 
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is supported by electrical measurement, the results of which are shown in Fig. 3.  The magnetic 
properties of URu3Al10 as well as its electrical properties are still under investigation and will 
be presented at the conference.

The physical  properties  of  U3Ru4Al12 have been studied on  a single crystal.  It orders 
antiferromagnetically at 8.4 K, exhibiting only moderate anisotropy in the paramagnetic state. 
In contrast, the electrical measurements have revealed some large difference in the ρ(T) curves 
depending on the crystallographic directions.  This compound will be the subject of a separate 
presentation during this meeting.

Fig. 2.  Temperature  dependence  of  the  magnetic 
susceptibility  of  URu2Al10.  Insert  shows the  field 
dependence of magnetization at T = 2 K. 

Fig. 3.   Temperature  dependence  of  the  electrical 
resistivity  of URu2Al10.
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Rare earth borides have attracted considerable interest due to a diversity of unusual physical 
characteristics  [1].  Several  new compounds  with  atypical  properties  have been previously 
identified and studied in U-Fe-X (X=Al [2], Sn [3]) ternary systems and interesting compounds 
can be anticipated to exist in the U-Fe-B ternary system. 

Results on the U-Fe-B ternary diagram were already reported by Valyovka al [4,5], who 
identified UFeB4 and UFe3B2. A more careful and systematic study of the isothermal section at 
950ºC revealed the existence of two other compounds [6].

The  solidification  path  of  the  UFeB4,  UFe3B2,  UFe4B  ternary  compounds  previously 
identified in the U-Fe-B ternary system was proposed on the basis of x-ray powder diffraction 
measurements,  scanning  electron  microscope  observations  complemented  with  energy 
dispersive x-ray spectroscopy, and differential thermal analysis.  All  the ternary compounds 
melt  incongruently  and  are  formed  by  peritectic  reactions.  These  peritectic  reactions  are 
evidenced in the microstructure of samples with compositions such as U:Fe:4B, U:3Fe:3B and 
2U:8Fe:3B. The present work shows the existence of a cascade of peritectic reactions in the U-
Fe-B phase diagram.
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     PuS as well as other plutonium chalcogenides PuSe and PuTe studied before [1,2] belong to 
NaCl structure type materials.  They differ by their weakly paramagnetic behaviour from Pu 
pnictides and also from U and Np chalcogenides.  Other exceptional feature is their semi-
metallic  behaviour.   Here  we  concentrate  on theoretical description,  which would  capture 
essential bulk properties as well as photoelectron spectra of PuS, and on implications for δ-Pu 
and other Pu systems.

Figure 1 shows valence-band spectra of PuS obtained with two photon energies.  For the 
lower photon energy (21.22 eV),  the 5f photoexcitation cross section is  very low and the 
spectrum therefore captures non-f states.  Those include the anion p-states forming the broad 
maximum around 5 eV binding energy (BE) for PuS, which shifts little more towards the Fermi 
level for PuSe and PuTe.  The 5f states contribute to the spectra taken at higher photon energy 
(40.81 eV).  The 5f emission can be associated with the triplet of sharp features within 1 eV 
below the Fermi level, the energies of which do not vary, and a broader emission around 2 eV 
BE, which shifts from PuS to PuTe opposite to the shift of the p-states.  

Fig. 1: Valence-band UPS spectra of PuS, PuSe [1], and PuTe [2] for hν = 40.81 eV and PuS for hν = 
21.22 eV (at the bottom).  They clearly demonstrate that the anion p-emission shifts gradually towards 
the Fermi level  (each step 0.25 eV),  whereas the 5f emission at  about  2 eV binding energy shifts 
gradually from the Fermi level. The sharp spectral features of the 5f origin are at invariable energies 0.9 
eV, 0.5 eV, and at the Fermi level, only their intensity increases in the sequence S, Se, Te.    
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Fig. 2: Calculated densities of non-f states using the LDA+U around mean field method (left) and the 5f-
based spectral density obtained from the LDA+HIA method (right).  Here the spectral densities for PuSe 
and PuTe were shifted up for clarity.  The inset shows in more detail the situation close to the Fermi level.   

     The f-state triplet is probably the most prominent characteristic feature of Pu-based systems. 
For its  description,  the intra-ionic Coulomb correlations and related excitations have to be 
treated as precisely as possible, for which the Hubbard I approximation (LDA+HIA) have been 
implemented [3].  While the non-f states are treated within the LDA approximation in both the 
LDA and around mean field LDA+U, their resulting position in the self-consistent LDA+U 
calculations agrees better with experimental spectra than in the LSDA calculations [4].  The 5f-
spectral density contains features related to the 5f 5 final state (reached from the 5f 6 initial 
state) at lower BE, whereas the features from 2 eV down belong to the 5f 4 final state.  The 
prominence of the 5f 5 multiplet is here a direct consequence of the large occupancy n5f of the 
Pu 5f states, exceeding 5.6 and weakly increasing from PuS to PuTe.  This can point to  the 
intermediate valence in all three Pu chalcogenides.
       Comparing with other calculations, which go beyond the conventional DFT methods, we 
see a better agreement with spectra than achieved by the calculations using the FLEX technique 
[5].  A certain problem is the description of the 5f emission at 2 eV BE, which is hard to 
associate with the 5f 4 multiplet as obtained by us and Ref [5].  It was however successfully 
described for PuSe by another Hubbard I – based approach [6].  
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Introduction:  The discovery of CePt3Si (CePt3B type) as the first heavy fermion super-
conductor without a center of symmetry [1] has triggered widespread research activities to 
search for a novel superconducting state in related ternary or quaternary alloy systems [2]. 
Therefore, our studies were extended to actinoid metal-platinum metal-boride systems in search 
for novel materials with similar property characteristics and/or a possibly high Seebeck effect 
due to strong electron correlations.  The aims of the research are: (i) detailed investigation of 
phase relations in the systems Th–Pd–B, Th–Pt–B, U–Pd–B, U–Pt–B, (ii) an evaluation of the 
crystal structures of ternary compounds and (iii) the characterization of physical properties of 
novel materials.  The present paper summarizes results on the ThPt3B and UPt3B compounds. 

Experimental:  Alloys AnPt3B, An = Th, U (1.5 gram each) were prepared by argon arc-
melting on a water-cooled copper hearth in Ti-gettered argon from elemental ingots (>99.9 
mass%).  All alloys were sealed in quartz tubes and annealed at  T = 900°C for 100 h before 
quenching in cold water.  X-ray powder diffraction data from as-cast and annealed alloys were 
collected on a Guinier–Huber image plate system with CuKα1 (8 < 2Θ < 100°).  Refinement of 
the crystal structures was performed with the program Fullprof [3].  Measurements of the vari-
ous physical properties were carried out with a series of standard techniques [4].

Phase relations:  Phase equilibria in the {Th,U}–{Pd,Pt}–B systems were explored in the 
region <34 at.% An at 900°C, revealing a series of ternary compounds of which compounds 
with the composition close or at ThPt3B and UPt3B where those with the lowest boron content. 
Homogeneous regions, if any, are certainly small, as unit cell parameters were not found to 
change significantly in ternary alloys.  Neither isotypic UPd3B nor isotypic ThPd3B (for details 
on the structure types see below) were found in our investigations and different structures 
(which are part of a forthcoming paper) were encountered at these compositions.

Crystal structure of ThPt3B:  Single crystals were isolated from the mechanically crushed 
alloy  and  showed  a cubic  primitive  unit  cell  corresponding  to  a = 0.4383(2) nm.   X-ray 
intensities indicated isotypism with the filled AuCu3 type structure i.e. a perovskite boride with 
Th atoms at the corners and Pt atoms at the face-centered positions of the cubic unit cell. For 
the boron atoms the sites in the center of the unit cell are the most likely ones, similarly to 
isotypic rare earth platinum metal borides REPt3B1–x. 

Crystal structure of UPt3B:  Single crystals isolated from the mechanically crushed alloy 
indicated a tetragonal primitive unit cell with  a = 0.38906(3),  c = 0.52241(5) nm.  The X-ray 
intensity spectrum indicated isotypism with the CePt3B-type structure.  This structure type lacks 
a center of symmetry and is also adopted by the heavy fermion superconductor CePt3Si [1]. 
From the refinement data the correspondence of  U and Ce-atoms,  and Si and B-atoms is 
straightforward: U in 1b (1/2, 1/2, z = 0.1621(6)), Pt1 in 2c (1/2, 0, z = 0.6134(8)), Pt2 in 1a (0, 
0, 0 (fixed)) and B in  1a (0, 0, z=0.3521(10)). The low residual value, RF  = 0.036 for 110 
reflections in a Rietveld refinement, confirms the structure type.

Superconducting ThPt3B:  Measurements of the temperature dependent electrical resis-
tivity carried out at low temperatures reveal a superconducting transition around 0.75 K, if the 
resistivity drop taken at 50% is considered.  The application of magnetic field suppresses TC 

with an initial slope of about –0.83 T/K, extrapolating to an upper critical field at  T = 0 well 
below 1 T.  The almost linear dependency of µ0Hc2'(T) refers to some deviation from standard 
WHH-type behaviour [5] of the upper critical field.  The temperature dependent resistivity in 
the normal state region does not comply with a simple metallic dependence; rather, ρ(T) shows 
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a negative temperature coefficient, reminiscent of TmPt~3Si [6].  Attempts were made to model 
ρ(T) of both compounds in terms of weak localization. Magnetoresistance of this compound is 
below 1%. 

Fig.  1:  (left  panel)  Temperature  dependent  electrical  resistivity  ρ of  ThPt3B measured  at  various values  of 
externally applied magnetic fields. (right panel): Temperature dependent upper critical field of ThPt3B. The initial 
slope of µ0Hc2 is about -0.83 T/K (solid line). 

 

Fig. 2: Temperature dependent electrical resistivity ρ 
of  UPt3B. The inset shows low temperature details 
and the solid line is a least squares fit with   n = 1.6.

Nonmagnetic UPt3B:  We have studied ρ(T) of UPt3B down to 340 mK.  From resistivity 
measurements neither superconducting nor magnetic phase transition was observed.  In contrast 
to ThPt3B, metallic resistivity behavior was found in the entire temperature range. However, ρ
(T) does not follow simple metallic behavior; rather, at lowest temperatures a non-Fermi liquid 
characteristics, ρ = ρ0 + AT n  with n = 1.6  is observed. 
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RFe12-xAlx intermetallic compounds (R is a rare-earth or actinide metal) with the tetragonal 
crystal structure of the ThMn12 type attract much attention due to their interesting magnetic 
properties.  In particular, an extensive study of a UFe6Al6 single crystal (the refined composi-
tion was UFe5.8Al6.2) by X-ray and neutron diffraction, 57Fe Mössbauer spectroscopy and mag-
netization measurements has shown that it is a ferromagnet with spontaneous magnetic mo-
ment Ms = 10.4 µB/f.u. and Curie temperature TC = 300 K [1].  It was also shown that the com-
pound exhibits large magnetic anisotropy of the easy-plane type.  In the present work, the 
magnetic anisotropy of UFe6Al6 was studied in detail, such as the temperature evolution in the 
ferromagnetic and paramagnetic state, the anisotropy within the basal plane and a comparison 
with LuFe6Al6, Lu being a non-magnetic analogue of  U.

Single crystals of UFe6Al6 and LuFe6Al6 were prepared by arc melting the pure elements 
(99.9% U, Lu, 99.98% Fe and 99.999% Al) in a tri-arc furnace on a water-cooled copper cru-
cible under a protective argon atmosphere.  The single crystals were grown from these molten 
buttons by the Czochralski method using a tungsten rod as a seed with 10 mm/hour pulling 
speed.  X-ray Laue patterns showed good quality of the crystals.  Phase purity and lattice pa-
rameters were determined by standard X-ray diffractometry with CuKα radiation on powders 
prepared from the single crystals.   Both compounds crystallize in the  ThMn12-type crystal 
structure with lattice parameters  a = 8.663 Å,  c = 5.009 Å and  a = 8.593 Å,  c = 5.021 Å for 
UFe6Al6 and LuFe6Al6, respectively.  The slightly smaller lattice parameters than in Ref. 1 for 
UFe5.8Al6.2 (a = 8.674 Å,  c = 5.014 Å) correlate well with a slightly higher Fe content at the 
expense of Al (with larger atomic radius than of Fe).  Magnetization curves were measured at 
2–600 K along the principal axes of the single crystals using a PPMS-9 magnetometer (Quan-
tum Design) in fields up to 9 T.

Results of magnetization measurements are presented in Figs. 1–5.  The values of  Ms = 
= 9.7 µB/f.u. and TC = 320 K agree roughly with Ref. 1.  The very strong magnetic anisotropy 
of  easy-plane  type  can  be  described  by  the  anisotropy  constants  K1 = –7.3 MJ m–3,  K2 = 
= 1.25 MJ m–3 at  2 K,  determined in  a Sucksmith-Thompson analysis  of  the  c-axis  curve. 
K1 = –5.7 MJ m–3 and K2 = 1.5 MJ m–3 are extracted in the same way from the c-axis curve at 
5 K presented in Ref. 1.  So, the large anisotropy originates clearly from the U sublattice be-
cause in LuFe6Al6 K1 equals only –0.73 MJ m–3 and K2 does not exceed 0.04 MJ m–3  (Figs. 4 
and 5).  The very strong anisotropy of UFe6Al6 persists in the paramagnetic state up to 500 K, 
i.e., far above TC (Fig. 1), again due to the U sublattice because it is not observed in LuFe6Al6 . 
Other evidence for the U contribution to the magnetism is the observed modest but clear 
anisotropy in the basal plane with the [110] axis as easy-magnetization direction, the [100] 
curve saturates in fields above 1 T (Fig. 2).  The in-plane anisotropy vanishes at TC.  On the 
other hand, direct comparison of Ms of UFe6Al6 and LuFe6Al6 (Fig. 3) gives a practically zero 
U magnetic moment MU.  This is in accord with impossibility to determine the MU value by 
neutron diffraction [1] and suggests a mutual cancellation of the spin and orbital components.
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UAsSe and NpAsSe display quite unusual transport properties. This concern, in particular, 
the  disorder-dependent  low-temperature  upturn  in  the  electrical  resistivity  deep  in  the 
ferromagnetic state. Importantly, this anomaly is independent of an external magnetic field as 
high as  45  T.  Additionally,  a  structural disorder in  the  As-Se substructure of  UAsSe was 
indicated by X-ray diffraction and scanning-electron-microscopy  measurements. Since these 
findings suggest an anomalous electron scattering mechanism of non-magnetic origin caused by 
structural disorder, we extended our studies to their PbFCl-type diamagnetic counterparts. 

Large single crystals of Th-, Zr- and Hf-based arsenide selenides were grown via chemical 
transport reaction. Both in the ab plane and along the c axis, their electrical resistivity increases 
as –AT 

1/2 upon cooling to below 16 K [1,2]. Similarly to their ferromagnetic counterparts, this 
low-T increase  of  the  resistivity  is  unaffected  by  the  application  of  a  magnetic  field. 
Furthermore, for ThAsSe we were able to detect glass-type temperature dependencies of both 
the thermal conductivity and the heat capacity in the millikelvin temperature range. Whereas the 
latter findings constitute the proof on the presence of tunneling states, the field-independent –
AT 

1/2 term is considered as evidence for a two-channel Kondo effect derived from structural 
two-level systems [1]. 

Very recently it was conclusively pointed out that the microscopic nature of the two-level 
systems is the key parameter for a structural two-channel Kondo problem [3].  Therefore, we 
have performed thermo-chemical investigations of PbFCl-type arsenide selenides [4]. We chose 
non-actinide systems because their form factor and scattering length relations are advantageous 
in  comparison  with  the uranium and thorium systems.  From X-ray,  neutron and electron 
diffraction as well  as transmission-electron-microscopy experiments we can  unambiguously 
assign that the PbFCl-type phase in the system ZrAsx-ySe2-x exists in the range of 1.42(1) ≤ x ≤ 
1.70(1) and exhibits  significant As  deficiency 0.03(1)  ≤ y ≤ 0.10(1) down to composition 
ZrAs1.40(1)Se0.50(1). Additionally,  the crystallographic 2a non-metal site are occupied exclusively 
by As, although with a tendency to a significant concentration of vacancies, and the 2c non-
metal site to be mixed but fully occupied with As and Se. Finally, there are no indications for an 
occupation of interstitial sites or for deviations of the occupancy of the Zr-site from unity [4]. 
Thus, at this stage of research, low-energy excitations of the electron gas appear to be triggered 
by defects in the As-layers. 
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Epitaxial,  single  crystal  films  represent  ideal  systems  to  study  the  effects  of  reduced 
dimensionality and strain. To date, most of the scientific effort has been devoted to the production 
of transition metal and rare-earth single element films, which often exhibit properties markedly 
different from that of the bulk, and in certain cases entirely new structures can be stabilised. We 
have  extended  this  research  into  the  actinide  period  with  the  fabrication  of  epitaxial  films  of 
uranium. 

The  room  temperature  bulk,  alpha  phase  of  uranium  has  a  Cmcm  orthorhombic  crystal 
structure, which is relatively open, where the closest packed orientations have lattice separations 
that are very close to one another. This property can be exploited to manipulate the orientation of 
the crystal by careful control of the growth conditions and choice of substrate. As the temperature is 
increased in bulk uranium the structure undergoes a transition to the complex beta phase and then to 
the gamma  bcc form. It  may then be possible to stabilise  these and other  crystal  structures of 
uranium at room temperature in thin films.

 

Following from our work on uranium multilayers [1-3] we have modified the dc magnetron 
sputtering apparatus at the Clarendon Laboratory, Oxford University,  to include in-situ RHEED 
analysis and the capability to heat the substrate up to a temperature of 900 C. The films were grown 
on  single-crystal  sapphire  substrates,  oriented  [11.0].  Nb  buffer  layers,  ~  250  Å  thick,  were 
employed to seed the growth of the single crystal films, where bcc niobium grows epitaxially in the 
[110] direction on sapphire in single domains [4]. Uranium was then sputtered in an argon pressure 
of 5 x 10-3 mbar at a rate of 0.5 – 1 Å/s at various temperatures. A thin Nb cap is added to prevent 
oxidation of the U layer and allow ex-situ experiments. 

At a growth temperature of 600 C, orthorhombic  α-U grows with a [110] orientation.  The 
relative orientation of the Nb and U lattices is shown in Fig. 1 [5]. Such films are relatively easy to 
grow  and  we  report  experiments  on  such  a  film  of  5000  Å.  The  atomic  volume  and  lattice 
parameters in the film are the same as in the bulk.  The interfacial strain is surprisingly small and 
the overall mosaic of the epitaxial U layer (0.15o) is comparable to that of the Nb buffer. 

Figure  1  -  3D  illustration  of  the  in-plane  alpha-U 
orientations with respect to those of the Nb buffer.
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One of the main features of α-U is the appearance of a charge-density wave (CDW) [6] at To = 
43 K in bulk samples. We have observed such a periodic distortion in the 5000 Å film (see Fig. 2), 
but there are important differences between the CDW in the film and the bulk. Most importantly, To 

is lowered to ~ 35 K, and the components do not appear “locked” to the lattice, as happens in the 
bulk. We speculate that this is because the substrate clamps the film, and the smooth variation of the 
CDW is controlled by the Fermi-surface nesting.

Earlier work on U/Gd multilayers [3] suggested that the U layers were in a hcp structure, which 
does not exist in the bulk. In an attempt to grow a single crystal film of hcp-U we have employed a 
second buffer layer, ~500 Å Gd, on the Nb. For temperatures near 600 C, the uranium adopted its 
bulk-like  orthorhombic  structure with  a  mixture of  [021]  and [110]  growth axes.  However,  on 
lowering the temperature to 400 C, we succeeded in stabilising a 500 Å, single crystal, hcp-U film 
with the [00.1] direction oriented along the growth axis.

The formation of hcp–U on Gd is a surprise as there is a considerable misfit between the U and 
Gd, the respective atomic volumes are 21 and 33 Å3. We demonstrate the possible domains of hcp-
U on Gd in Fig. 3 [7]. The lattice parameters for Gd are c = 5.784 Å, a = 3.637 Å, as in the bulk, 
whereas for hcp –U we find c = 5.625(5) Å, a = 2.96(2) Å, with c/a = 1.90(1), the largest c/a found 
for any element. The in-plane misfit of the  hcp-U is almost 20%, which provides a considerable 
strain, reflected in the large in-plane mosaic of 1.5o found for hcp-U. The thermal expansion did not 
display  any  anomalous  lattice  distortion,  but  closely  mimicked  the  thermal  expansion  of  the 
substrate and buffer layers; a hint that this structure is perhaps metastable, driven by the structure of 
the buffer at the interface.  

In  summary,  single  crystals  of  α-U are  difficult  to  produce,  as  on cooling  from the  high-
temperature bcc γ form there are a number of phase transitions; epitaxial film production presents 
an  alternative  route.  The  production  of  a  new form of  uranium,  with  hexagonal  close  packed 
symmetry, which is not found in the bulk, is of great interest and theorists are already at work on its 
properties.
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Uranium-based carbides (UC and mixed carbides (U,Pu)C) have been selected as potential 
fuels  for  reactors  of  Generation IV,  such as  fast  gas-cooled reactors.  Application of  elec-
trochemical techniques has been shown to accelerate the dissolution process of carbide fuels 
[1]. The knowledge of the fundamental properties of UC towards oxidation is thus essential for 
a  more profound  understanding  of  the  mechanisms  of  the  reactions  involved  during UC 
dissolution. Recent preliminary studies [2,3] were focused on the overall oxidation reactions 
produced at a UC electrode, in acidic and basic media, and their effectiveness for UC dissolu-
tion. Electrochemical Impedance Spectroscopy (EIS) is used, in the present work, for deter-
mining the kinetic limitations of the involved oxidation processes in non complexing acidic 
solutions (HClO4). 

The experiments were carried out with a three electrode system comprising a UC working 
semi-spherical electrode, an Hg/Hg2Cl2 reference electrode and a Pt wire counter electrode. The 
UC microspheres were prepared by arc melting [4] and their structure characterized by XRD 
and SEM data.  AC impedance measurements were performed in the frequency range from 
10 kHz to 1 Hz, with 20 sampling frequencies per decade.  The amplitude of the AC signal was 
10 mV around the polarization potential.  Prior to each measurement, the UC electrode surface 
was polished mechanically,  rinsed with  water  and stabilized  for  20 min  in  the  electrolyte 
solution. 

EIS spectra were recorded at Ei=0 (OCP) in HClO4 solutions of different acidities (0.05-2M) 
and at potentials ranging from OCP to 1.1 V/SCE.  Typical examples of the corresponding 
Nyquist  plots  (–Zi = f(Zr),  Zi and  Zr being  the  imaginary  and  real  parts  of  the  measured 
impedance) are presented in Fig. 1 and Fig. 2.  The results plotted in Fig. 1 and 2 show that 
both potential and acidity have a strong influence on the impedance values.  For E > 0.4 V/SCE 
and [HclO4] < 1 M, the Nyquist plots are depressed semi-circles with capacitive behavior.  The 
resistance at high frequencies decreases with the increase of HClO4 concentration, as expected 
from the variation of  the electrolyte conductivity.  Moreover,  the charge transfer  resistance 
which can be derived from the EIS curves decreases with an increase of the applied potential 
value or of the acid concentration. 

Fig. 1 Nyquist diagram of UC oxidation at 0.5 V/SCE                Fig. 2 Nyquist diagram of UC oxidation in 0.1 M   
in HClO4 of various concentration.                                       HClO4 at different polarisation  potentials. 

The UC electrode seems to be oxidized without limitations due to diffusion or adsorption 
phenomena, in agreement with the voltammograms obtained under similar conditions. 

Figure 3 shows an increase of the oxidation current density with the proton concentration in 
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the electrolytic  solution which indicates the protons  involvement in  the oxidation  reaction 
process.   However,  for  HClO4 concentrations  higher  than around  1 M,  a limitation  in  the 
current is observed by voltammetry or coulometry.  It gives rise to a second capacitive loop, 
followed by an inductive loop at low frequencies (less than 1 Hz; see Fig. 4).  The shape of the 
diagram so obtained seems characteristic of a modification of the UC surface by adsorbed (or 
accumulated at the electrode/electrolyte interface) species, limiting thus the UC oxidation. The 
importance of this limiting effect, as well as the range of potentials where it is pointed out, are 
shown to depend on morphologic characteristics of the uranium monocarbide.  

Fig. 3  Averaged current measured during 2 min. Fig. 4     Nyquist diagram of UC oxidation at 0.5 V/SCE
of electrolysis and plotted as a function of  and in 1 M HClO4 solution, in the case of an 
the potential applied to the UC electrode.  extended frequency range (10 kHz – 0.05 Hz).  

In conclusion, EIS measurements confirm that, in acidic media, UC is oxidized at applied 
potential values more than 0.4 V/SCE.  For lower potential values, the charge transfer resist-
ance is very high and the kinetics of dissolution is only limited by charge transfer; neither im-
pedance nor voltammetric results have indicated a limitation due to diffusion.  

The oxidation (or dissolution) efficiency of UC increases significantly with both the acid 
concentration and the polarisation potential value.  However,  limiting effects related to the 
morphologic aspects of the UC microsphere can appear (explaining, for instance, the apparition 
of an oxidation wall for [H+] ≥ 1 M).  Therefore, it  can be concluded from the present ex-
periments that the best  experimental conditions  for UC electrochemical dissolution should 
correspond to  high anodic potential values (> 1 V/SCE) and moderate acid concentrations, 
ranging between 0.5 M and 1 M.  At lower concentrations, the current is lower and kinetics 
slower.  For higher concentrations, an interfacial reaction occurs in the process, which is prob-
ably an adsorption reaction. 
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Actinide elements trace amounts detection in the different samples presents today major 
importance for ecology, radiative waste handling and control, rehabilitation of contaminated 
areas and risk assessment.  The behavior of actinides in environment is determined by actinides 
valence  states  and type  of  molecules.   Information about actinide valence  states  in  trace 
analysis is essential to fix the actinides emission source and the propagation history.  The most 
sensitive (for example – TRLIF) laser spectroscopy methods (with time resolution (TR) use 
photoluminescence for detection) do not  provide information about  valence states;  and for 
some actinides and lanthanides detection in solutions [1,2] have limit of detection (LOD) up to 
10–13 mol/l(M) (Table 1). 

Table 1. LOD by Time Resolved Laser Induced Fluorescence (TRLIF) method.

Element UO2+ Cm3+ Am3+ Eu3+ Tb3+ Gd3+ Dy3+ Sm3+ Ce3+

LOD(M) 10-13 10-13 10-9 10-13 10-9 10-8 10-10 10-10 10-9

Pu, Np and some valence form of U does not give the photoluminescence in solutions and 
for it’s detection not most sensitive (LOD – 10-5-10-7M) laser spectroscopy methods are used.

Today the  chemiluminescence  effects  are  used in  biology  and medicine [3]  for  trace 
amount detection of different substances with LOD up to 10–9 –  10–13 M and it is possible to 
determine the elements valence states and type of molecules.  In our experiments [4,5] we 
observed the chemiluminescence of solutions induced by Pu, Np and U after excitation by 
pulse laser radiation.  High sensitive TR methods may be used for this chemiluminescence 
detection (Fig. 1). 

Fig. 1: Kinetic curve of luminol chemiluminescence                     Fig. 2: Absorption spectra of 
induced by  excited plutonyl  complexes.                    (1) – PuO2

2+, (2) – UO2
2+, (3) – luminol.

By proper  selection  of  lasers  radiation  wavelengths  (Fig. 2  and 3),  one  or  multi-step 
actinides complexes excitation scheme and chemiluminogenic label, it  is possible to induce 
chemiluminescence by selective excitation of detectable actinide complexes only.

There is possibility open for chemiluminescence application in Nuclear Chemistry. 
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Fig. 3: Absorption spectra of  plutonyl complexes  in  42 % CsF + H2O  solutions at different  pH 
values.  Two complexes are in solution: PuO2F5

3- (band 839 nm) and PuO2F4OH3– (band 846.5 nm).

The chemiluminescence effects using allows to essentially spread scope for trace amount 
detection of actinide in solutions, determination of the actinide valence states in solutions and 
determination of the molecule type containing actinide. Especially perspective is to use the 
chemiluminescence effects for detection of actinides and complexes containing actinides in 
solution in the cases when in such systems actinide does not give direct luminescence but can 
induce  chemiluminescence. Multi  step  chemiluminescence  excitation  scheme  may  be 
efficiently used for detection selectivity increasing [5].

The  sensitivity  of  the  chemiluminescence  methods  is  higher  than  sensitivity  of  other 
methods (LIPAS for example) which are used for non-luminescent actinides and molecules 
detection now. The combinations of the chemiluminescence effects with high sensitivity and 
high selectivity laser spectroscopy methods make it possible to carry out an effective detection 
both  of  luminescent  and  non-luminescent  actinides  and  molecules  containing  actinides 
(especially U, Pu and Np) in different solutions.

In  this  report  a  different  multi-step  schemes  of  chemiluminescence  excitation  and it’s 
applications  for  selectivity  increasing  are  discussed.  It  is  shown  that  the  two-step 
chemiluminescence excitation schemes in combination with TR laser spectroscopy method may 
be efficient for actinides detection in solution.

This work was supported by International Science and Technology Centre (ISTC), project ISTC 
3694. 
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Ceramics based on the nanostructured pyrochlore-murataite polysomatic series built from 
alternating pyrochlore AVIII

2BVI
2O7–x and murataite AVIII

3BVI
6CV

2O20–x modules are considered as 
promising host phases for actinide and rare earth elements of high level waste (HLW) [1]. 
Recent studies have demonstrated high chemical durability of the actinide-bearing ceramics due 
to zoned distribution of actinide elements (Th, U, Np, Pu) within the individual grains where 
elemental  concentrations  in  their  core  exceed  those  in  their  rim  by  about  one  order  of 
magnitude [2–4]. This work represents data on leaching of Pu and Am from two ceramic 
samples containing simulated actinide-rare earth fraction of HLW.

Specified chemical compositions of the samples were as follows: 5 Al2O3,  10 CaO, 55 
TiO2, 10 MnO, 5 Fe2O3, 4 ZrO2, 1.25 La2O3, 2.48 Ce2O3, 1.23 Pr6O11, 3.96 Nd2O3, 0.73 Sm2O3, 
0.2 Eu2O3, 0.15 Gd2O3, 1.0 UO2 (C1) and 4 Al2O3, 8 CaO, 59 TiO2, 8 MnO, 4 Fe2O3, 8.2 ZrO2, 
1.0 La2O3, 1.984 Ce2O3, 0.984 Pr6O11, 3.168 Nd2O3, 0.584 Sm2O3, 0.16 Eu2O3, 0.12 Gd2O3, 0.8 
UO2 (C2).  Reagent-grade oxides were intermixed and mechanically activated in a planetary 
mill  AGO-2U  for  5 min.   The  mixtures  were  impregnated  with  238Pu  and  241Am  nitrate 
solutions, air-dried at 115°C, compacted in pellets 13 mm in diameter and 1–2 mm in thickness 
under pressure of  200 MPa.  The pellets were placed in alumina crucibles, heated in a resistive 
furnace to 1300°C at a rate of 10°C/min and kept at this temperature for 3.5 hrs.  All  the 
samples had spherical shape with water uptake values of 3.1–6.5%.  The ceramic samples were 
ground in an agate mortar and sieved to separate a fraction with grain size of 90 to 160 µm. 
Specific  activity  of  the  samples doped with  241Am and  238Pu  was  4.9×106 Bq/g  and  9.0×
106 Bq/g, respectively.

The  leach  tests  were  performed  in  a  Soxhlet  apparatus  [5]  at  average  flow rate  of 
condensate through containers with the specimens of 0.805±0.022 mL/min.  After continuous 
leaching of the specimens for specified periods (Table I) the containers were removed, and 
1.5 mL concentrated HCl and 30–40 mL distilled water were added followed by heating for 
30 min to transfer all the radionuclides leached into the bulk of the solution.  For each of the 
ceramic compositions two replicate tests have been conducted.

Table I.  Average leach rates of  241Am and 238Pu (g×cm-2×day-1) vs time.

Leaching period, 
days

241Am 238Pu
C1 C2 C1 C2

1st 6.7×10-9 1.5×10-8 8.3×10-9 1.0×10-8

2nd 1.3×10-9 4.4×10-9 2.1×10-9 6.6×10-9

3rd 1.2×10-9 3.7×10-9 1.8×10-9 5.5×10-9

4th 1.4×10-9 2.8×10-9 2.5×10-9 2.9×10-9

5th 1.8×10-9 4.3×10-9 3.6×10-9 2.9×10-9

6th 7.8×10-10 3.8×10-9 7.0×10-9 5.2×10-9

7th 2.2×10-9 3.6×10-9 3.3×10-9 4.8×10-9

Equilibrium 1.5×10-9 3.6×10-9 3.6×10-9 4.3×10-9
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As seen from Table I, leach rate of  241Am from the ceramic with the  C2 composition is 
somewhat higher than that from the  C1 composition whereas leach rates of  238Pu from both 
ceramics are similar.  238Pu has some higher leach rates from both ceramics than 241Am.  Such 
leaching behaviour is influenced by the phase composition of the ceramics.

The C1 ceramic is composed of major murataite polytypes (55–65% of total), secondary in 
abundance  perovskite  and  crichtonite  (15–20% each) and minor pyrophanite/ilmenite (10–
15% of total) [6].  The C2 ceramic also contains rutile (15–20% of total).  Plutonium existing in 
a tetravalent state in murataite ceramics [7] occupies eight-coordinated A sites in the structure 
of the murataite and pyrochlore modules and is concentrated in the core of the “murataite” 
grains.  Trivalent americium is partitioned between murataite polytypes and perovskite. 

In our previous work [4] we found higher leach rate of Am than Pu from the murataite- 
-based ceramic not containing perovskite phase.  In the given case perovskite content reaches 
of up to ~20 vol.% in the C1 ceramic and up to ~10 vol.% in the C2 ceramic that may effect 
significantly on leach behaviour of the actinide elements.

Perovskite being the phase with the highest melting point is crystallized in the first instance 
during the melt solidification.  At that, the melt is enriched with microcomponents such as 
americium, which thus enters the murataite/pyrochlore phase segregated at later stage of melt 
solidification.  As a result, the murataite/pyrochlore phase preferably accumulates americium 
rather than perovskite. 

Thus, Am3+ ions occupy the same A sites in the structure of the murataite and pyrochlore 
modules as Pu4+ ions and are strongly retained in the host phase. 
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Disposal of spent nuclear fuel (SNF) requires a long-term assessment of its behavior and 
stability  in  different  geochemical  conditions.   Contact  of  uranium  dioxide  as  the  main 
constituent of SNF with groundwater could result in its oxidation and corrosion.  On one hand 
the oxidation of uranium dioxide leads to the formation of U(VI) secondary phases, which are 
more soluble and have potentially high migration ability, but on the other hand formation of 
uranium(VI) solids on uranium dioxide surface could significantly change the properties of 
SNF and rates of radionuclide release.   Formation of uranium(VI) secondary phases could 
prevent subsequent  oxidation  of  uranium dioxide  and decrease  radionuclide  release  to  the 
environment.  The goal of this research is to study uranium dioxide behavior and main routs of 
phase transformations at different temperatures in simulated oxic groundwater.

Industry produced uranium dioxide sample was taken for this study and characterized in 
details as described earlier [1].  The leaching experiments were done in Teflon vessels placed 
into the steel autoclaves.  The duration of experiments was 6 months at three temperatures: 
25oC, 70oC and 150oC.   The simulated groundwater  used in  the  experiments  had a redox 
potential of about +350 mV (VSHE) with sodium, potation and calcium carbonates as the main 
constituents.  The secondary phase formation and bulk oxidation of the samples were studied 
by  X-ray  diffraction  (XRD)  using  the  linear  decrease  of  the  lattice  parameter  on  phase 
composition in the range UO2 – UO2.25 [2].

The significant difference in the oxidation behavior of uranium dioxide samples leached at 
70oC and 150oC was established.  For the sample leached at 70oC rather fast bulk oxidation up 
to UO2.25 (U4O9) occurred within 1.5 months with almost no secondary phase formation as 
demonstrated by XRD and scanning electron microscopy examinations of the samples.  At 
150oC the intensive secondary phase formation occurred while the bulk oxidation was slowed 
down ―  the UO2.25 composition was reached within 4 months.  Secondary uranium phases 
were needle-shape crystals and did not contain Na, K and Ca as determined by EDX.  The 
surface of both samples was characterized at the nano-scale by high resolution transmission 
electron microscopy (HR-TEM) and selected area electron diffraction (SAED).  The uranium 
dioxide sample leached at 70oC kept its cubic structure, while for sample leached at 150oC the 
surface was completely covered by nanoparticles of secondary phases that were identified as 
schoepite nano-crystals according to HR-TEM and SAED.  Formation of such nanoparticles 
prevents subsequent bulk oxidation of uranium dioxide due to significant difference in diffusion 
coefficients for different crystalline structure types.   The difference was observed even for 
UO2+x with cubic structure and various x — 10–5 cm2/s for UO2+x (х < 0.03) and about 10–6 cm2/s 
for UO2+x (0.07 < x < 0.17) [3].

To understand the difference in the oxidation mechanisms of uranium dioxide samples and 
the effect of solution composition the same experiments were repeated in deionized water at the 
same temperatures.  At room temperature the formation of the schoepite secondary phases with 
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no bulk oxidation was observed in deionized water as well as in the simulated groundwater.  In 
the experiments done at 70oC and 150oC in deionized water the same tendency like in simulated 
groundwater was observed.

The local structure of actinides in samples was studied by X-ray absorption spectroscopy 
(XANES/EXAFS)  at  U  LIII edge  was  performed  in  Novosibirsk  Centre  of  Synchrotron 
Radiation.   No significant  changes in  XANES spectra  of  leached samples were  observed 
compare  to  the  initial  sample.   The  EXAFS  regime is  more  sensitive  for  speciation  of 
tetravalent  actinide —  actinyl  ion  mixtures  from the  short  axial  oxygen distance  than  is 
identification using the XANES resonance feature corresponding to multiple scattering along 
the axial oxygen atoms.  The increase of axial U–O interactions was observed with increasing 
of leaching duration.  The Debay–Waller  factor  also increased that indicates increasing of 
disorder in uranium dioxide upon leaching.  Leaching time dependency of Debay–Waller factor 
was in a good agreement with changes of lattice parameter determined by XRD.

The work was supported by ISTC (project 3720) and Russian Federal Agency for Science 
and Innovation (project 02.516.11.6138). 
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The  concept  of  geological  disposal  in  Ukraine  is  similar  to  that  considered  in  other 
countries,  being  based  on  a  system  of  multiple  barriers  consisting  of  the  geological 
environment and the EBS.  Bentonite clays  are considered an important component for EBS 
due to properties: a marked swelling and the high sorption characteristics. Since uranium is an 
important nuclide in the radioactive waste management, the prediction of its sorption behavior 
is  one  of  the  major  tasks  in  safety assessments.  The  aim of  this  study is  to  analyze  the 
differences in sorption behavior of uranium onto bentonite clays.

Uranium sorption was studied on bentonite clay from Cherkasy deposit of bentonite and 
palygorscite clays (Ukraine). Sorption investigation was carried under medium pH equal 2.0 
and 8.0 and ionic force of disperse medium Ca(ClO4)2 – 10-3 ÷ 10-1 M/l, and under uranium 
concentration up to 10-4 M/l.

Analysis of obtained sorption isotherms showed that under uranium concentration in the 
equilibrium solution below 10-5 M/l its sorption by bentonite has linear character and can be 
described by Freundlich isotherm. But under higher concentrations uranium sorbtion sharply 
increases and cannot be further described neither Freundlich equation nor Lengmore one.

Tacking into account, that in electrolyte solution negatively charged clay particles have 
double electrical layer, analogous to liophobic colloids, we suppose that sorption of uranium 
ob bentonite clay  in electrolyte-containing medium and under low uranium concentrations 
(up to 10-5 M/l) is determined by processes of nucleophilic exchange of positively charged 
uranium ions  with ions  of clay particle  diffuse layer.  When the uranium concentration  in 
disperse medium is higher than 10-5 M/l, increased uranium sorption by clay is determined, 
possibly, by partial changes in structure and composition of clay particle anti-ion layer due to 
introduction in this layer of positively charged uranium complexes. In this case uranium-clay 
bonding occurs not only due to electrovalence interaction of positively charged uranium ions 
with negatively charged centers, which are located on the surface of clay particles, but also 
due to formation of complex coordination bonds between uranium and active centers of clay 
matrix.
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For several years, phosphate-based ceramics have been commonly accepted as suitable 
host matrices for the specific immobilization of radionuclides coming from the back-end of the 
nuclear  fuel  cycle  [1].   Among them, apatites/britholites  (Ca9Nd1-xAnIV

x(PO4)5-x(SiO4)1+xF2), 
monazites/brabantites  (MIIIPO4/MII

0.5MIV
0.5PO4)  and  β-TAnIVPD  solid  solutions 

(Th4-xAnIV
x(PO4)4P2O7) [2] present several properties of interest including high weight loadings 

in actinides, good sintering capability associated to a strong resistance to aqueous alteration and 
to radiation damage.  In this context, the recent use of original routes of preparation, such as 
wet  chemistry  methods  involving  hydrothermal  conditions,  allowed  to  prepare  original 
precursors of these high-temperature compounds.  The use of such low-temperature crystallized 
phases leads to the preparation of actinide phosphates usually unreachable with conventional 
methods and provides  some improvements  in  the physico-chemical  properties  of  the final 
samples.  In this study, three phosphate-based systems defined through their M/PO4 mole ratio, 
were  examined  (Fig. 1):  AnIV(OH)PO4 (An = Th, U),  M IV

2(PO4)2(HPO4) ∙ H2O  (MPHPH; 
M IV = Ce,Th,U,Np,Pu) and LnIIIPO4 ∙ n H2O (LnIII = La–Dy). 

AnIV/PO4 = 1 LnIII/PO4 = 1 MIV/PO4 = 2/3

Fig. 1. SEM micrographs of the compounds precipitated for various M/PO4 mole ratio.

An IV/PO4 = 1: the initial precipitation of Th(OH)PO4, then its condensation between 450°C and 
500°C, appears as the only way known to prepare the Th2O(PO4)2 compound [3].  The uranium 
based-compound, U(OH)PO4,  presents a similar mechanism of transformation. Nevertheless, 
the difference in the temperature of stability of Th- and U-bearing phases led to the failure in all 
attempts  to  prepare  Th2-xUxO(PO4)2 solid  solutions  at  high  temperature  even  though  the 
precipitation of Th1-xUx(OH)PO4 was obtained.

Ln III/PO4 = 1: various LnPO4  ∙  nH2O structures were obtained depending on the ionic radius 
and the temperature considered.  At 150°C, they were monazite (monoclinic system, n = 0) for 
La and Ce, rhabdophane (hexagonal system, n = ½) from Nd to Dy, and xenotime (tetragonal 
system, 0 < n <3) from Ho to Lu.  Among these phases, rhabdophane-type compounds can be 
used as crystallized precursors of monazites since they first dehydrates when heating between 
200°C and  400°C then  turn  into  monazite between  700°C and  900°C.   This  method  of 
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preparation allows to improve the densification of the sintered pellets obtained after heating at 
high temperature, as a consequence of the higher reactivity of the initial powder [4].

M IV/PO4 = 2/3 : the compounds obtained at 160°C for M IV = Th, U and Ce were identified to 
the  phosphate-hydrogenphosphate  hydrates  family  M IV

2(PO4)2(HPO4) ∙ H2O  (Fig. 2).   The 
formation of Th2-x/2Anx/2(PO4)2(HPO4) ∙ H2O solid solutions was also evidenced with uranium (x 
≤ 4), neptunium (x ≤ 2) and plutonium (x < 4).  The transformation mechanism leading from 
Thorium Phosphate-Hydrogenphosphate Hydrate (TPHPH) to Thorium Phosphate-Diphosphate 
(β-TPD) was then elucidated: TPHPH first dehydrates between 170°C and 200°C leading to 
anhydrous Th2(PO4)2(HPO4) (TPHP).  In a second step (200–270°C), the condensation of HPO4 

groups  into  P2O7 entities  leads  to  the  formation  of  a  low-temperature  form  of  thorium 
phosphate-diphosphate, called α-TPD.  It was found to be stable up to 950°C, then turned into 
the well-known β-TPD above this temperature [5].  As for monazites, the use of TPHPH and 
associated solid solutions for the preparation of β-TAnPD leads to the significant improvement 
of the sintering process.  Indeed, the complete densification of the solids (dexp./dcalc. = 99%) 
occurs faster (after only 5 to 10 hours of heating) while the homogeneity of the pellets is largely 
improved [6].

Fig. 2. (010) view of the TPHPH structure [7].
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Ternary uranium intermetallic compounds frequently show unusual physical properties, like 
long-range  complex magnetic  ordering,  superconducting  or  heavy-fermion  ground states. 
However, many of the ternary systems containing uranium are far from being completely ex-
plored. In the U-Fe-Ga system, a few ternary intermetallic compounds have been reported until 
now:   UFeGa5 (a = 4.261(1) Å,  c = 6.734(3) Å,  P4/mmm)  [1],  UFe6Ga6 (a = 8.5484(7) Å, 
b = 8.6914(7) Å,  c = 5.0560(4) Å,  Immm)  [2],  UFeGa (low temperature phase:  a = 6.710 Å, 
c = 3.909 Å, P63/mmc; high temperature phase: a = 5.270 Å, c = 8.130 Å, P-62m) [3], U2FeGa8 

(a = 4.256 Å, c = 10.98 Å, P4/mmm) [4] and U4FeGa12 (a = 8.5521(2) Å, Im-3m) [5]. Some of 
the known compounds belong to the MnTmX3n+2m homologous series, which was extensively 
studied after the discovery of superconductivity in some of its members [6,7].  The objective of 
the present work is to study of the U–Fe–Ga isothermal section at 800°C and characterize the 
new compounds identified.

Samples with xU:yFe:zGa selected nominal compositions were prepared by arc melting the 
elements on a water-cooled cooper crucible under high purity argon.  The samples were sealed 
under vacuum inside a silica ampoule and annealed during one week at 800º C in order to reach 
the thermodynamic equilibrium at this temperature.  The microstructure of the samples was 
observed  by  SEM,  and  simultaneously,  the  elemental  ratios  in  the  existing  phases  were 
determined by EDS.  Powder and single-crystal X-ray diffraction were used to identify and 
characterize the crystallographic structure of the phases.

The SEM/EDS and powder X-ray pattern analysis confirm the existence of the binary 
compounds at 800ºC, in conformity with the binary phase diagrams.  Moreover, they also in-
dicate the presence of the five previously identified ternary compounds, UFeGa5,  UFe6Ga6, 
UFeGa, U2FeGa8 and U4FeGa12. 

All the binary phases were found to have negligible extensions into the ternary system ex-
cept for UFe2, which extends up to the UFe1.7Ga0.3 composition.  At 800°C the UFeGa com-
pound was found to crystallize in the hexagonal (P-62m) ZrNiAl-type.  It shows a homogeneity 
UFe1-xGa1+x zone, disconnected from the MgZn2 type (P63/mmc) which forms with a different 
composition range, UFe1+xGa1-x , at this temperature.

The UFe6Ga6 compound, crystallizing in the ScFe6Ga6-type structure (an ordered variant of 
the  ThMn12-type)  was  observed  also  to  be  inside  a homogeneity  range  which  goes  from 
UFe5Ga7 to UFe7Ga5 compositions. 

Two new phases were identified in the low-uranium content region, both with a general 
formula U2Fe17-xGax  .   The  one  with  the  higher  gallium concentration  stabilizes  with  the 
Th2Zn17-type structure and the second phase, with high iron content, crystallizes in the Th2Ni17-
type.
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Fig. 1.  Scanning electron micrograph under backscattered mode of the annealed 2U:3Fe:3Ga nominal 
composition sample (A – U2Fe8.8Ga8.2; B – U4FeGa12; C – UFe1.15Ga0.85).
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In the context of Generation IV nuclear reactors, several families of nuclear fuels are 
considered,  especially  mixed  actinide  dioxides  such as  (U,Pu)O2,  (Th,U)O2  or  (Th,Pu)O2. 
Although some of these compounds are already used, one of the main task of this project is to 
optimize  the  conditions  of  preparation of  the  mixed  dioxides  in  order  to  underline the 
correlation  of  the  physico-chemical  properties  (homogeneity,  crystallinity,  specific  surface 
area) with the sintering capability and the phenomena occurring at the solid/liquid interface 
during  the  dissolution/leaching  processes.   These  properties  are  largely  correlated  to  the 
synthesis and sintering conditions leading to various microstructures. 

In  this  context,  thorium-uranium  mixed  dioxides  were  synthesized  from  oxalate 
precursors prepared through two wet  chemistry routes.  Th1-xUx(C2O4)2 . 2H2O solid solutions 
with different compositions (x = 0, 0.25, 0.5, 0.75 and 1) were prepared from a stoichiometric 
mixture of cations in acidic solution and oxalic acid which was then added slowly in excess. 
The first method consisted in a direct precipitation in an open vessel at 50° C, under ultrasonic 
agitation, while in the second one, the mixture were maintained in a PTFE closed container set 
in autoclave, heated at 130° C for seven days (closed system) in order to reach hydrothermal 
conditions.  After a first heating step at  400°C, Th1-xUxO2 solid solutions  were obtained after 
calcination at 1300°C.  The precursors as well as the mixed dioxides were then characterized by 
X  ray  diffraction  (XRD) and  micro-Raman  spectroscopy.   X-ray  patterns of  both  mixed 
oxalates obtained in closed and open systems, are represented in Fig.1.  The XRD patterns are 
similar for both mixed oxalates and typical of Th1-xUx(C2O4)2 . 2H2O.  However, the sample 
synthesized through hydrothermal process is well crystallized with narrow peaks, while the 
sample prepared  through direct  precipitation  exhibits  wider  peaks.   The  same feature  is 
obtained whatever the composition.

Fig. 1 XRD pattern of Th0.75U0.25(C2O4)2. 2H2O prepared in open (left) and closed (right) systems.

XRD pattern of mixed dioxides shows typical pattern of the fluorite structure. However 
the FWHM of the peaks are usually narrower for the closed system compared to the open 
system whatever the calcination temperature.

µ-Raman spectroscopy was  performed on  both  samples,  Th1-xUx(C2O4)2,  2H2O and 
Th1-xUxO2 solid solutions, with composition ranging from x = 0 to x =1, prepared in closed and 
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open systems.  Figure 2 shows Raman spectra of Th1-xUxO2  for several compositions prepared 
from both precursors.  For the first system (Fig. 2a), an intense band located  at 463 cm-1 is 
observed for ThO2, corresponding to the triply degenerated T2g Raman active vibration mode, 
while a larger and weak band observed at 445 cm-1 occurs for UO2 as observed in the literature 
[1-2].  In the case of Th1-xUxO2 solid solutions  prepared from precursors obtained in  closed 
system, the band becomes more dissymmetric and larger when the uranium loading increases in 
the mixed dioxide, thus indicating an increase of disorder with the increase of  the uranium 
content.
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Fig.2 Raman spectra of Th1-xUxO2 solid solutions prepared from precursors obtained in closed  (a)

and open systems (b) with several compositions (x = 0, 0.25, 0.50, 0.75, 1).

Moreover,  the  T2g phonon  frequency  decreases  linearly  with  the  increase  of  the 
substitution rate in uranium.  Compared to the closed system, the mixed oxide synthesized in 
open system (Fig.2b),  exhibits  larger  and weaker  band around 457 cm-1 except  for  ThO2. 
Moreover, an additional band around 670 cm-1 is observed for the solid solutions.  The intensity 
of this band decreases with the increase of the uranium content.  Correlatively, its frequency 
decreases linearly with the substitution rate.  The appearance of this additional band as well as 
the enlargement of the active T2g mode could be explained by a slight distortion of the lattice 
provoked by a hyperstoichiometry in oxygen [3].

These results show that micro-Raman spectroscopy is a complementary and powerful 
technique to  study  the  microstructure  of  actinide mixed oxides  synthesized from different 
precursors. 
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In the context of the material research aimed at supporting the development of Generation 
IV nuclear power plants, renewed interest has recently arisen not only in oxide fuel systems, 
but also in nitrides and carbides.  The latter, due to their higher fissile material density and 
thermal conductivity compared with the oxides, seem a promising fuel for use in high tempera-
ture reactors, such as the Gas Fast Reactor (GFR).  A profound understanding of the behaviour 
of nuclear materials under extreme conditions is of prime importance for the analysis of the 
operation limits of nuclear fuels, and prediction of the outcome of possible nuclear reactor 
accidents.   In  this  context,  the  present  paper  deals  with  laser  induced  melting  and laser 
annealing of uranium carbides of several different compositions, between the stoichiometric 
UC and UC2 phases. 

Although significant research was made on the properties of uranium carbides during the 
60’s and 70’s, uncertainties remain, for example on the accuracy of the reported solidus–liq-
uidus lines between UC and UC2, the relative stability of the phases UC2 and U2C3, at the op-
erational temperature of the reactor (approx. 1100–1300 K) and the existence of a solid solution 
between UC and UC2 below the liquidus.  Using novel laser heating techniques new insights 
into these issues may be obtained.

The phase diagram of the system U–C has been studied in this work via laser heating in the 
composition range 0.8 ≤ C/U ≤ 2.  Samples were prepared by Ar arc-melting suitable amounts 
of  uranium metal  and  graphite.   Traditional  furnace  annealing  combined with  XRD was 
performed to study the phase diagram at temperatures below 1300 K.  A 4.5 kW Nd:YAG cw 
programmable laser was used as a heating source at high temperature (1400 K ≤ T ≤ 3500 K). 
The  same  laser  was  employed  also  in  short  pulses  (few  ms)  in  very-high  temperature 
experiments, in order to reduce undesired side effects (oxidation, vaporisation) by minimizing 
the experiment duration (Fig. 1). 

Fig. 1: UC sample molten by laser heating on 4 different spots
For the same reason, measurements were sometimes performed, if needed, under a few 

bars of inert gas.  The sample temperature was recorded by fast pyrometers, and inflections in 
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the recorded thermograms revealed phase transitions (Fig. 2).  These latter were also detected 
via a novel method based on a reflectance study, by analysing the laser beam generated by a 
1 W Ar+ source reflected by the sample surface.  The technique allows phase transitions, which 
involve a change in surface reflectivity, to be followed in situ and therefore the point at which, 
for  example,  melting and freezing occur,  to  be accurately  established and correlated with 
readings from the optical pyrometer.

Fig. 2.  Solid lines: thermograms recorded on UC samples hit by a heating laser beam of different 
power profiles (dotted lines).  In both cases, the freezing point (which in this case coincides with the 

congruent melting point) is well indicated by a clear solidification plateau at 2 777±1 K.

Testing was performed initially, to observe the suitability of the laser heating techniques for 
assessing  uranium  carbide  materials,  as  it  was  unsure  how  the  materials  would  behave. 
Following successful trials, laser induced melting and preliminary annealing experiments (the 
latter combined with XRD) were completed. 

The current  results  are  in  good agreement  with  some early publications  in  which the 
melting behaviour of uranium carbides was investigated by more traditional methods [1,2].  In 
addition, further information could be obtained on the non-congruent (solidus–liquidus) melting 
of  certain carbides.   Preliminary laser  annealing  experiments  showed the  technique to  be 
feasible, with tests performed up to 15 minutes to just below the melting temperature, although 
the  environment  during  testing  must  be  carefully  controlled  to  prevent  oxidation  and 
vaporisation. 
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The corrosion of f-element metals represents a problem in terms of cost and also unwanted 
by-products.  It is particularly important to understand the surface corrosion of uranium and 
plutonium metals to ensure their safe storage for the nuclear power industry.1  The rate of sur-
face oxidation of both uranium and plutonium is accelerated in moist air and in the presence 
of pure water vapour.  Importantly, metal hydrides can also be formed during the attack of 
water on the surface.  The corrosion rate of the metals in hydrogen is much greater than in 
oxygen (at 100°C and 0.2 bar). 

A molecular uranium compound with bound hydride ligands should help us to model and 
better understand the chemical reactivity of surface hydrides.  We will present our synthetic 
efforts so far towards the synthesis of a molecular model for uranium hydride. 

The use of a potentially ditopic calixpyrrole macrocyclic ligand, H4LEt has allowed the for-
mation  of  both  mono  and  di-uranium (III)  complexes.   This  macrocycle  is  a new,  more 
soluble, version of the Schiff-base macrocycle previously reported by us.2  When this Schiff-
base macrocycle is bound to a metal centre the macrocycle folds into a wedge-shaped confor-
mation. 

The di-uranium complex, [(UI)2LEt], was synthesised from the reaction of the potassium 
salt of the ‘Pacman’ macrocycle K4LEt with UI3(THF)4.  This is a key precursor compound for 
the synthesis of the molecular uranium hydride complex.  With this in mind, the di-uranium 
borohydride complex, [(UBH4)2LEt], was made from the reaction of [(UI)2LEt] with 2 equiva-
lents of KBH4, at elevated temperature.  Unusually, the reaction of either one or two equiva-
lents  of  U(N(Si(CH3)3)2)3 with  H4LEt affords  only the  monosubstituted  uranium  complex, 
[(U(N(Si(CH3)3)2)(H2LEt)].  Further reactions of these, and related complexes, to target urani-
um hydride complexes will be shown.
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Fig. 1.  Examples of the mono and di-uranium complexes.
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The isothermal section of uranium-molybdenum-boron system at 1000°C was studied by 
Valyovka and Kuzma [1] who found in total four ternary compounds: two previously charac-
terized borides UMoB4 and U2MoB6 [2, 3] and two new compounds with tentative composi-
tions “UMo4B4” and “UMo2B6”.  In more recent work of Konrad and Jeitschko [4], the latter 
boride was ascribed a composition U5Mo10B24 from single crystal X-ray diffraction study of as-
cast alloy.

In our search for the new high boron content compounds, the U(Th)–Fe(Mo,Ru,Rh,Os,Ir, 
Pt)–B systems have been explored.  Below we present our results on the phase relations study 
in U–Mo–B system at 900°C and the crystal structures of compounds observed in this system 
within the concentration range 40–80 at.% of B at this temperature. 

Samples with a total weight of 0.2 g each were synthesized by arc melting the proper 
amounts of the constituent elements under high purity argon on a water-cooled copper hearth. 
The arc-melted alloys were annealed at 900°C for 14 days.   The crystal structures of com-
pounds were determined from X-ray powder (Philips X’Pert diffractometer, Cu Kα radiation, 2
θ range 10–120 deg) and single crystal diffraction data (CAD 4 and Bruker AXS SMART CCD 
diffractometers).  Phase identifications and lattice parameters refinements were accomplished 
using the Powder Cell, WinPlotr, TREOR and DICVOL programs.

Experimental data on the phase relations in U–Mo–B system at 900°C obtained in this 
work are summarized in Table 1.

Table 1.  Crystallographic data of selected ternary U–Mo–B alloys, annealed at 900°C 

Nominal composition 
U – Mo – B (at.%)

X-ray phase 
analysis

Space group Prototype Lattice parameters (Å)             a  
b              c

5 – 50 – 45 MoB
Mo2B

(τ1)

I41/amd
I4/mcm
orthorhomb

MoB
Al2Cu

3.107
5.545
9.94   9.25

16.962
  4.732
  8.05

11 – 22 – 67 UMo3B7 (τ2)
UMoB4

(τ3)

Pnma
Cmmm
orthorhomb

YMo3B7

ThMoB4

11.031
  7.382
11.29

  3.099
  9.412
  8.93

12.792
  3.643
  3.53

18 – 10 – 72 UMoB4

U2MoB6

(τ4)

Cmmm
Pbam
unknown

ThMoB4

Y2ReB6

  7.382
  9.279

  9.412
11.370

  3.643
  3.686

For the crystal structure investigation of UMo3B7, several crystals were selected from the 
annealed alloy with nominal composition U11Mo22B67 and their quality  was inspected with 
CAD-4.  All tested crystals showed a primitive orthorhombic unit cell with lattice parameters a 
= 11.03 Å, b = 3.09 Å, c = 12.79 Å.  The crystal of excellent quality was chosen and measured 
with Bruker AXS SMART CCD diffractometer.  After integration of collected frames with the 
SAINT suite  of  programs,  data  merging  process  has  been  performed using  the  program 
SADABS.  Further experimental details are listed in Table 2.  The space group extinctions 
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(WinGX 1.70) lead to the possible Pnma (no. 62) space group, which was found to be correct 
during the refinement.  The structure was solved with the aid of SHELXS-97 using Patterson 
function, which resulted in the positions of the U and Mo atoms.  The positions of boron atoms 
were localized from difference Fourier synthesis.  The structure was refined by the full-matrix 
least-square  program  package  SHELXL-97.   The  formulae  derived  from  the  structure 
refinement led to UMo3B7  . The compound belongs to the YMo3B7 structure type [5].  Table 3 
presents the standardized coordinates and thermal parameters for atoms in UMo3B7. 

Table 2. Parameters for the single crystal X-ray data collection and refinement for the UMo3B7 compound

Crystal UMo3B7

Lattice parameters (Å) a=11.0310(8), b=3.0995(2), c=12.7921(10)
Cell volume (Å3) 437.37(5)
Space group; Formula per unit cell Pnma (no. 62), 4
Calculated density (Mg/m3) 9.135
Absorption coefficient (mm-1) 45.130
Theta range for data collection (deg) 3.18 to 34.98
Data set -17≤h≤17, -5≤k≤4, -20≤l≤20
Number of measured/unique reflections 9819/1096 [R(int) = 0.0332]
Number of reflections with I>2σ(I0) 1044
Number of refined parameters 68
R1, wR2 (I>2σ(I0) 0.0220, 0.0546
R1, wR2 (all data) 0.0236, 0.0553
Goodness of fit on F2 1.021
Extinction coefficient 0.0034(2)
Largest diff. peak and hole (e/Å3) 3.991/-2.952
Refinement method Full-matrix least-squares on F2

Table 3. Atomic coordinates and thermal parameters for atoms in UMo3B7 

Atom Wyckoff position x y z Ueq. × 102   (Å2)

U1 4(c) 0.44930 ¼ 0.69299 0.454(7)
Mo1 4(c) 0.31665 ¼ 0.20508 0.39(1)
Mo2 4(c) 0.33957 ¼ 0.43668 0.38(1)
Mo3 4(c) 0.88359 ¼ 0.52687 0.45(1)
B1 4(c) 0.01025 ¼ 0.36358 0.66(10)
B2 4(c) 0.03624 ¼ 0.36358 0.59(10)
B3 4(c) 0.06852 ¼ 0.61558 0.58(10)
B4 4(c) 0.16552 ¼ 0.33199 0.465(9)
B5 4(c) 0.18494 ¼ 0.06859 0.67(10)
B6 4(c) 0.23176 ¼ 0.58400 0.60(10)
B7 4(c) 0.25063 ¼ 0.82621 0.79(11)
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Phase equilibria in the U–Fe–B system at 800°C (0–35 at.% U) and 600°C (35–100 at.%  
U) were reported for the first time by Valyovka and Kuzma [1] from X-ray powder diffraction 
data.  Two ternary compounds have been observed, UFe3B2 and UFeB4.  Not so far, the iron 
rich region of U–Fe–B system was re-investigated by Dias et al. [2] mainly employing scan-
ning  electron  microscopy  and  electron-probe  microanalysis  of  annealed  at  950°C  alloys. 
Below we present the crystal structure of two new uranium iron borides.

Samples with the total weight of 0.2 g each were synthesized by arc melting the proper 
amounts of the constituent elements under high purity argon on a water-cooled copper hearth. 
The arc-melted alloys were annealed at 950°C for 60 days.  The crystal structures of com-
pounds were determined from X-ray powder (Philips X’Pert diffractometer, CuKα radiation, 2
θ range 10–120 deg) and single crystal diffraction data (CAD 4, Bruker AXS SMART CCD, 
a Nonius Kappa CCD diffractometers).  Phase identifications were accomplished using the 
Powder-Cell, WinPlotr, TREOR and DICVOL programs. 

Both UFe2B6 and UFeB2 compounds were identified from X-ray powder diffraction of as-
cast and annealed at 950°C samples.  UFe2B6 single crystal was selected from as-cast sample 
with approximate composition U10Fe25B65 whereas the UFeB2 crystals were obtained from al-
loys annealed in induction furnace at 1700°C for several hours.  Experimental details on sin-
gle crystal data collections and refinements are listed in Table 1, standardized atomic coordi-
nates and equivalent isotropic displacement parameters are presented in Tables 2 and 3.

Table 1.  Parameters for the single crystal X-ray data collections and refinements for the UFe2B6 

and UFeB2 compounds

Crystal UFe2B6 UFeB2

Lattice parameters  (Å) a = 3.1445(3)   b = 6.1978(6) 
c = 8.2429(8)

a = 3.5103(7)

c = 7.737(3)

Cell volume  (Å3) 160.65(3) 95.33(5)

Diffractometer Bruker AXS SMART CCD Nonius Kappa CCD

Space group; Formula per unit cell Immm (no. 61), 2 P4/nmm (no. 129), 4

Calculated density (Mg/m3) 8.571 10.991

Absorption coefficient (mm-1) 58.912 91.90

Theta range for data collection (deg) 4.11 to 33.41 5.27 to 41.84
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Table 1 continued

Crystal UFe2B6 UFeB2

Data set -4≤h≤4, -9≤k≤9, -12≤l≤12 -6≤h≤5, -4≤k≤6, -12≤l≤14

Number of measured/unique reflections 1590/194  [R(int) = 0.0385] 2020/233  [R(int) = 0.0360]

Number of reflections with I>2σ(I0) 194 226

Number of refined parameters 19 11

R1, wR2 (I>2σ(I0) 0.0190, 0.0455 0.0129, 0.0241

R1, wR2 (all data) 0.0190, 0.0455 0.0129, 0.0241

Goodness of fit on F2 1.087 1.107

Extinction coefficient 0.0109(17) 0.0272(16)

Largest diff. peak and hole (e/Å3) 3.563/-1.632 2.207/-1.910

Refinement method Full-matrix least-squares on F2

Table 2.  Atomic coordinates and equivalent isotropic displacement parameters for atoms in UFe2B6

Atom Wyckoff  position x y z Ueq. × 102   (Å2)

U1 2(a) 0 0 0 0.530(19)

Fe1 4(j) 0.5 0 0.34660(13) 0.398(22)

B1 4(h) 0 0.1465(14) 0.5 0.69(13)

B2 8(l) 0 0.2384(9) 0.3036(6) 0.66(9)

Table 3.  Atomic coordinates and equivalent isotropic displacement  parameters for atoms in UFeB2

Atom Wyckoff  position x y z Ueq. × 102   (Å2)

U1 2(c) ¼ ¼ 0.67233(2) 0.319(6)

Fe1 2(a) ¾ ½ 0 0.422(10)

B1 2(c) ¼ ¼ 0.1665(6) 0.61(7)

B2 2(c) ¼ ¼ 0.3715(6) 0.16(6)

The UFe2B6 compound belongs to the CeCr2B6 structure type [3], and the prototype for 
UFeB2 is ScCoC2 [4].
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Six ternary intermetallics have already been reported for  the U-Co-Ge system, namely 
UCoGe [1,2], UCo2Ge2  [3], UCo6Ge6 [4], U3Co2Ge7 [5], U3Co4Ge7 [6] and U2Co17–yGey  [7]. 
Their crystal structures have been established and some of their electronic properties have been 
measured,  indicating  interesting  behaviours  which  are  summarized  in  Table 1.   Striking 
examples  are  the  permanent  ferromagnetic  properties  of  U2Co17–yGey [7]  and  the  recent 
discovery of coexistence of superconductivity and ferromagnetism in UCoGe [2].

Table 1: Crystallographic data and some electronic properties 
of ternary phases  in the U-Co-Ge system

Compound Structural type Space Group Electronic properties Ref.
UCoGe CeCu2

TiNiSi
Imma
Pnma

Para
Superconductor(Tc=0.8K),Ferro (Tc=3K)

[1]
[2]

UCo2Ge2 ThCr2Si2

CaBe2Ge2

I4/mmm
P4/nmm

LT: AntiFerro (TN=174K)
HT: Para

[3]

UCo6Ge6 MgFe6Ge6 P6/mmm Not investigated [4]
U3Co2Ge7 La3Co2Sn7 Cmmm Ferro (Tc=40K), Spin reorientation (Tsr=20K) [5]
U3Co4Ge7 U3Co4Ge7 I4/mmm Ferri or Ferro (Tc=20.5 and 21.5K) [6]

U2Co17-yGey

1.3<y<3
Th2Ni17 P63/mmm Ferro (315<Tc<735K) [7]
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Fig.1.  Reported phases in the U-Co-Ge ternary system: ●: binary compounds ▲: ternary phases 

The present study comprises the assessment of the isothermal section at 750°C of the U–
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Co–Ge ternary phase diagram and the characterisation of the structural and electronic proper-
ties of new intermediate phases.  The samples are prepared by melting calculated amounts of 
the elements in an arc furnace under a residual atmosphere of high purity argon. The sample are 
annealed at 750°C for 3 weeks in sealed silica tubes, followed by quenching to room tem-
perature.  All samples are analyzed by X-ray powder diffraction and scanning electron micro-
scopy equipped with energy dispersive X-ray spectroscopy.  Fig. 1 displays the binary bound-
ary system along with the reported ternary phases, showing large unexplored areas of the tern-
ary system.

Finally, this system will be compared to the Ce-Co-Ge one which is also, currently under 
reinvestigation.
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Actinides carbide compounds have been considered for advanced nuclear fuel because of  
properties such as high fuel-atom metal density, high thermal conductivity and high stability  
under most reactor conditions. The problem is that most of the works on fabrication of carbide  
pellets by conventional techniques has generally involved the blending of high purity metal  
powder  and graphite  and heating at  high temperature (~2000°C).  However,  recent  works  
demonstrate that the use of nanometric precursors can enhance the reactivity and decrease the  
required temperature [1,2]. Consequently, this survey focuses on efficient chemical methods  
which could be used to obtain actinides nanoparticles.

Many of the reported syntheses of nanoparticles were achieved by the precipitation of  
sparingly soluble products from aqueous or nonaqueous solutions. The precipitation of metals  
from solutions  typically requires the  chemical  reduction  of  a  metal  cation  M n+ and  the 
subsequent nanoparticles stabilization (Figure 1).
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Fig. 1  Chemical synthesis of metal nanoparticles.

The reducing agents take many forms, the most  common for which are  gaseous H 2, 
solvated ABH4 (A = Li, Na, or K), hydrazine N 2H4… Transition-metal nanoclusters remain  
only kinetically stable, the thermodynamic minimum being bulk metal in all cases to date [3]. 

Because  of  the  applications  of  gold  nanoparticles  toward  biology,  catalysis  and  
nanotechnologies, gold nanoparticles synthesis leads to an exponentially increasing number of  
publications  [4].   Nevertheless,  gold  nanoparticles  are  the  most  stable  nanoparticles  
(Au3+/Au0, E° = 1.498 V) and they are consequently easy to produce, even in aqueous solvent.  
In case of actinide cations, where the M n+ + ne- → M0 reduction necessary to produce nanopar-
ticles exhibits a substantially negative E° (U3+/U0, E° = –1.798 V; Pu3+/Pu0, E ° = –2.031 V), the 
use  of  an  aqueous  solvent  is  precluded because the  reducing agent  capable  of  supplying 
electrons to the metal will reduce water (2H2O + 2e- → H2 + 2OH-,  E ° = –0.8227 V).  In this 
case, a more stable solvent must be employed.  Thermodynamically, the strongest reducing 
agent possible in solution is the solvated electron (es

-), followed closely by the alkali-metal 
anion (A-).  Such species may be obtained by the dissolution of an alkali metal A0 in an aprotic 
solvent such as tetrahydrofuran (THF) in presence of an alkali-metal complexing agent such as 
15-crown-5 ether.  Given a sufficient excess of complexing agent, A+(15-crown-5)2es

- is formed 
because of  the  very  strong complex formed between  the  alkalis  and chelate  ethers.  Such 
products are  powerful  reducing agents  and  they  are  called  electrides.  They  have  been 
successfully used for the preparation of Zn nanoparticles [5] (Zn2+/Zn0,  E° = –0.762 V).  The 
trialkylborohydride reducing agents, ABEt3H, also act as powerful reducing agents, and it has 
been used for the precipitation of  Mn and Ti nanoparticles [6,7] (Mn2+/Mn0,  E° = –1.185 V; 
Ti3+/Ti0,  E° = –1.63 V).   More  recently,  Kirkpatrick  and  co-workers  used  lithium  metal 
dissolved in naphthalene for the synthesis of nanoparticulate mixed-phase Mg-Co composites 
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[8] (Mg2+/Mg0, E° = –2.372 V).
Finally, another synthesis route has shown to be effective at passively binding and reducing 

lanthanides  from  solution  containing  Ln3+ ions  and  resulting  in  the  formation  of  Ln0 

nanoparticles.  In this case, the reaction which is based in the use of biomass for reducing metal 
nanoparticles is called “bioreduction”.  Reduction of lanthanide salts to nanoparticles has been 
reported  for  Sm and Yb [9,10]  (Figure 2)    (Sm3+/Sm0,  E° = –2.379 V;  Yb3+/Yb0,  E ° = –
2.19 V). 

Fig. 2  HREM image of an Yb nanoparticle obtained by “bioreduction” method [10] 
(inter-planar distance measurements match with Yb bulk).

In  order  to  produce  actinides  nanoparticles,  these  two  approaches  (“precipitation  in 
nonaqueous solvents” and “bioreduction”) should be adaptable to the reduction of actinides 
cations. At present, works are in progress.
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In  order  to  investigate  the  migration  of  uranium,  plutonium  and  neptunium  in  the 
environment, highly sensitive and selective detection methods are required. Furthermore, the 
speciation of these elements is of high importance, as it determines solubility and mobility. 

A few years ago Resonance Ionization Mass Spectrometry (RIMS) has been established as 
a suitable technique for ultra trace analysis, with particular emphasis on the determination of 
lowest contaminations of long-lived isotopes with unsurpassed sensitivity [1]. This method 
has several advantages:
 RIMS  provides  an  excellent  limit  of  detection  (LOD)  around  106 atoms  per  sample 

independent of the radioactive decay properties and lifetime of the isotope of interest. 
 Through a multi-step resonant laser excitation and ionization process of the element of 

interest,  e.g.  using high power,  high repetition rate  tunable lasers,  in  combination with 
subsequent  mass analysis, e.g.  in a simple time-of-flight mass spectrometer (TOF-MS), 
high selectivity with respect to isobaric interferences is achieved. In this way the origin of 
a contamination can be determined from the mass spectrometric isotope pattern.

 By off-line and —  for the near future planned —  on-line coupling of chromatographic 
techniques, like Capillary Electrophoresis (CE), to RIMS, a species assignment is possible.

On-line coupling of CE to Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was 
developed to separate the oxidation states III, IV, V, and VI of plutonium, but the detection 
limit  of  this  hyphenated  technique  of  ~20 ppb  (or  ~109 atoms,  respectively)  for  a  given 
oxidation state of Pu is too high for studies under environmental conditions [2]. Thus, as a 
next  step  the  coupling  of  CE  to  pulsed-laser-TOF-RIMS  for  a reduction  of  the  LOD  in 
speciation studies is presently tested and prepared for application [3].

Also the determination of the isotopic signature of uranium found in the environment can 
be of crucial importance for the detection of undeclared nuclear material.  The major isotope 
of interest is 236U, which is produced by neutron capture from 235U.  Due to the low neutron 
flux in the environment the natural abundance of  236U compared to 238U is well below 10–10. 
However, in spent nuclear fuel the 236U concentration can reach up to several percent due to 
the high neutron flux in nuclear reactors. So the uranium isotope  236U is the most sensitive 
tracer for man-made uranium and its determination can provide information on the migration 
of anthropogenic nuclear contaminations in the environment.

High  Resolution  Ionization  Mass  Spectrometry  (HR-RIMS)  has  been  developed  to 
precisely determine the isotopic composition of uranium samples [3]. For this, the sample is 
evaporated from a graphite  furnace into vacuum to form a  well  collimated atomic beam. 
Neutral  uranium atoms  are  resonantly  and  isotope-selectively  excited  by  precisely  tuned 
narrow-band  width  (continuous  wave)  laser  light  along  a  well  chosen  multi-step  optical 
excitation process up to ionization. Afterwards, they are mass analyzed in a quadrupole mass 
filter for background reduction und further enhancement of the isotopic selectivity. 

First tests of the HR-RIMS technique were carried out on synthetic samples of about 1017 

uranium atoms.  These  were  prepared  on  zirconium foil  for  an  efficient  reduction  to  the 
elemental state and heated up to ~2500° C in a graphite furnace.  A LOD of 3∙108 236U atoms 
for  an  isotopic  ratio  of  236U/238U  ≈ 10–8 was  obtained  so  far.  Measurements  on  synthetic 
samples within an isotopic range of  236U/238U ratios from 10–3 down to 10–8 confirmed the 
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linearity of the determination system and demonstrated the high dynamical range.  The final 
characterization  concerning  accuracy  and  reproducibility  is  presently  in  progress  using 
certified  samples  from IRMM  (Institute  of  Reference  Material  and  Measurements,  Geel, 
Belgium).   Apart  from  that  the  development  of  an  on-line  coupling  interface  to  a  
chromatographic preselection stage is in preparation. 

For  the  application  of  RIMS  to  ultra  trace  analysis  of  Np  the  identification  and 
characterization  of  suitable  optical  excitation  and  ionization  schemes  is  necessary.   The 
necessary  spectroscopic  studies  are  presently  performed,  employing  the  Mainz  University 
high  power,  high  repetition  rate  titanium:sapphire  laser  system  in  combination  with  our 
standard  TOF mass spectrometer. 
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For the design of safeguarding measures for nuclear waste repositories, understanding of 
the  sorption  mechanism and  migration  behaviour  of  radionuclides  on  near-  and  far-field 
relevant  materials  on  a  molecular  level  is  essential.   After  1000  years  of  storage,  the 
radiotoxicity of the nuclear waste will be dominated by the minor actinides Pu, Am, Cm, and 
also Np.  Especially the isotope  237Np  is considered as possible long-term pollutant of the 
ecosystem, because of its long half-life (t1/2  = 2.14×106 yrs) and mobile nature under aerobic 
conditions due to the high chemical stability of its pentavalent cation NpO2

+.
Bentonite has been chosen as a potential backfill material for engineered barriers of nuclear 

waste repositories to prevent the release of actinides and fission products into the environment 
due to the plasticity, swelling behaviour, low permeability, and high surface area of the clay. Its 
main  constituent  is  montmorillonite,  a  triple-layered phyllosilicate  composed of  octahedral 
[AlO6] sheets embedded by two tetrahedral [SiO4] sheets.  Besides a permanent negative charge 
due to isomorphic substitution, the sorption behaviour for cations such as NpO2

+ is governed by 
the aluminol and silanol groups of the clay. 

The aim of this study was the acquisition of batch sorption data as a  function of pH, 
atmospheric CO2 , neptunium concentration, and ionic strength. These batch experiments were 
complemented by EXAFS (extended x-ray absorption fine structure) spectroscopy to obtain 
molecular-level information on the sorption of Np on the montmorillonite surface. 

Batch experiments with Np(V) in the pico- and micromolar concentration ranges have been 
performed using purified Na-montmorillonite (STx-1; 4 g/L) in the presence and absence of 
HCO3

-/CO3
2- in 0.1 and 0.01 M NaClO4  background electrolyte. The distribution coefficient 

was calculated according to

]/[)(

]/[)(
]/[

mLmolNpc

gmolNpc
gmLK

dissolved

sorbed
d =  . (1)

Under  ambient air  conditions, sorption starts  from pH ~5 and reaches its  maximum at 
pH ~8.5. Above pH 8.5, sorption decreases due to the formation of aqueous neptunyl-carbonate 
complexes  [1],  while,  in  the  CO2-free  system,  sorption  increases  continuously  with  pH. 
Because of the higher ratio between the Np concentration and accessible surface sites, the 
relative  amount  of  Np sorbed decreases  with  increasing Np concentration  at  a  fixed pH. 
Accordingly, the sorption edge is shifted to slightly higher pH. Ionic strength affects uptake 
processes  such  as  cation  exchange,  which becomes  obvious  particularly  at  low  pH.  The 
distribution coefficients should reflect the difference quantitatively in that a decrease of the 
NaClO4 concentration by a factor of 10 should result in an increase of the Np sorption by 1 
log Kd unit [2]. The data obtained, however, do not completely reflect this relationship and need 
further investigation. 

For the EXAFS measurements Np(V) loaded clay samples were prepared as wet pastes 
(0.1 M NaClO4). Np LIII-edge EXAFS spectra were collected in fluorescence mode at room 
temperature at  ROBL/ESRF,  Grenoble.  The EXAFS spectra  reveal  that in all  the samples 
neptunium is present as Np(V) under the investigated experimental conditions. Since no Np-Np 
backscattering  pairs  were  observed,  precipitation  of  any  solid  neptunium  phase  can  be 
excluded. The EXAFS spectra show that the presence of HCO3

-/CO3
2- has a significant effect 

on the near-neighbour surrounding of Np(V) sorbed on montmorillonite. Depending on the 
presence or absence of ambient CO2, distinct differences in the k range 6-8 Å-1 can be observed, 
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which are identical at pH 9.0 and 9.5. Whether the formation of ternary neptunyl-carbonate 
complexes at the clay surface is the cause for the observed difference in the spectra is the 
subject of our ongoing EXAFS study. The fit results also show that the average Np-Oeq  bond 
distance in all samples differs significantly from 2.49 ± 0.02 Å that was observed for the Np(V) 
aquo ion [3]. This change in the equatorial coordination shell of neptunium indicates formation 
of inner-sphere complexes. This conclusion is further supported by the detection of a Np-Al 
interaction for samples prepared under exclusion of CO2 .
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U4PdGa12 crystallizes in the cubic structure typeY4PdGa12 (space group Im¯3m,  Nr229) 
which consists of the doubling of the UGa3 (AuCu3-type, Pm¯3m) elementary cell with a partial 
ordered occupancy (1/4) of the gallium octahedra by the palladium atoms. 

U4PdGa12 with the enhanced linear coefficient of heat capacity  γ ≈ 330 mJ/mol K2 shows 
antiferromagnetism below 43 K [1,2].   Above 140 K,  well  above  TN,  χ(T)  of  U4PdGa12 is 
reported to have a Curie-Weiss like T-dependence with an effective moment of µeff ≈ 3.40 µB 

and the paramagnetic Curie temperature ΘP ≈ -351 K [1,2].  The estimated  effective moment is 
then not much smaller than the values expected for the localized 5f 2(3.58 µB) or 5f 3(3.62 µB) 
configurations of uranium. 

In order to elucidate the microscopic magnetic properties of polycrystalline U4PdGa12
 , in 

this paper we have performed the measurements of nuclear magnetic resonance (NMR) of 
gallium nuclei.  Our measurements of the 71Ga NMR Knight shifts (K) and 71Ga nuclear spin-
lattice relaxation times (T1) were performed in the temperature range 50–315 K using Bruker 
Avance DSX-300 spectrometer operating at a field of 7.05 T .

Samples of U4PdGa12 in powdered form was used, the same  as in the works [1,2], where 
detailed description of  the sample preparation,  X-ray analysis,  magnetic susceptibility  and 
electrical resistivity measurements are given. 

The  71Ga(I = 3/2,  71Q = 0.107 b)  NMR signal  shown in Fig. 1,  detected at  B0 = 7.05 T 
(91.5 MHz), is characteristic of the (+1/2 ↔ −1/2) central line transition, with satellite lines 
spread by first-order quadrupole interaction in powders.  Second order quadrupolar interactions 
do not occur.  The observed broadening of the central line can be entirely accounted for by the 
magnetic interactions depending upon temperature.  The line width ,defined as full width at half 
maximum (FWHM), increases monotonously with decreasing temperature.  Below 60 K the 
FWHM starts to  increase  rapidly  (see  Fig. 1,  inset).   Contrary to  expectation,  only  single 
resonance line was observed.  This result is unexpected since in  the  postulated  structure of 
U4PdGa12 [2], the gallium atoms occupy two inequivalent positions Ga(1) and Ga(2) in the ratio 
1:1 with local tetragonal site symmetry -4m.2 and 4m.m, respectively. 

Presence  of  the  single  resonance  line implies  a  deviation of  lattice  structure from the 
structure previously determined by x-ray diffraction. 

      Fig.2 shows the temperature dependence of the 71Ga Knight shift K which exhibits marked 
maximum at about 60 K, similar to that observed in the bulk magnetic susceptibility χ [1]. 
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In Fig. 3 K(T) is plotted against  χ(T)  with the temperature as an implicit parameter.  The 
K–χ plot is linear for the data above the maximum. Using K = Ko+(ΝΑµΒ)−1Ahf χ,  where  Ahf  is 
the transferred hyperfine coupling constant and NA is Avogadro's number, we obtain  71Ahf  = 
+28.6 kOe/µB

 .   The sign and magnitude of  71Ahf suggest that  the hyperfine field at  71Ga 
originates from the Fermi-contact interaction with the Ga-4s electrons polarized by the U-5f 
electrons through the s–f  hybridization. 

Fig.2 Temperature dependence of  Knight shift.                  Fig.3  Knight shift vs magnetic susceptibility 
                                                                                                          with temperature as an implicit parameter

The observation that the ratio of 1/T1 as measured at 294 K for two gallium isotopes, 71Ga 
and 69Ga, 71T1/ 69T1 = 0.6 agrees very well with that of the square of the nuclear gyromagnetic 
ratio, (69γ / 71γ)2 = 0.619, suggests that the nuclear spin-lattice relaxation is caused through the 
magnetic hyperfine interaction. 

As  seen  in  Fig. 4,  spin–lattice  relaxation  rate  (1/T1)  of  71Ga  nuclei  is  only  weakly 
temperature dependent above 50 K, showing that 1/T1 is dominated by U-5f spin fluctuations.

                                                         ( 1/T1 )5f  ≈ (γΝ Αhf)2/ωe                                                                        (1)

which is valid in the limit where fluctuation frequency of the local moments ωe  is much larger 
than  the nuclear Larmor frequency ωο of nuclei having giromagnetic ratio γΝ .

The NMR results tell us that  U4PdGa12   in paramagnetic state is  well described by the 
localized moment picture.

[1] R. Jardin et al.,  Physica B  in press
[2] R. Jardin et al., J. Alloys Comp. 432 (2007) 39-44
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The  properties  of  uranium has  been  a  subject  of  enduring  interest  due  to  its  major 
importance as a nuclear fuel and being the highest numbered element which can be found 
naturally on earth.  Coffinite USiO4 is one of the uranium oxide formation which can be found 
in nature and soluble  in water.   X-ray Absorption Fine Structure spectroscopy (XAFS) of 
uranium has been utilized to investigate the electronic structure of uranium and the local atomic 
structure around uranium in coffinite USiO4.

XAFS provides a description of the structure of the thin films[1]. The study presents a 
Extended XAFS (EXAFS) structural characterisation of the coffinite USiO4 thin films and their 
crystallisation behaviour by annealing at increasing temperatures.  The full multiple scattering 
approach has been applied to the calculation of U LIII edge XANES (X-ray Absorption Near-
Edge Structure)  spectra of  USiO4.  The calculations  are  based on  different  choices of  one 
electron  potentials  according  to  Uranium coordinations  by  using  the  real  space  multiple 
scattering method FEFF 8.2 code [2, 3]. The crystallographic and electronic structure of the 
USiO4 are tested at various temperature ranges. 

We have found prominent changes in the XAFS spectra of Uranium oxide thin films. Such 
observed changes are  explained by considering the structural,  electronic  and spectroscopic 
properties. 
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The uranium ditelluride,  Ute2  ,  have been studied by X-ray Absorption Fine  Structure 
Spectroscopy (XAFS).   UTe2   is one of the member of uranium tellurides with orthorhombic 
structure and space  group  Immm;  a = 4.1617;  b = 6.1276;  c = 13.965 Å [1,2].   The ortho-
rhombic  UTe2 structure is built up by bi-capped trigonal prisms of tellurium, connected via 
faces to fourfold capped bi-prisms [2]. 

XAFS provides a description of the structure of the thin films [3].  The X-ray absorption 
fine structure, XAFS, of U M4,5 edges in  UTe2  have been investigated.  The study presents 
a structural characterization  of  the  orthorhombic  UTe2 thin  films  and  their  crystallization 
behavior by annealing at increasing temperatures. XANES electronic structure calculations and 
the EXAFS crystal structure calculations of uranium ditelluride have been studied by using the 
real space multiple scattering method FEFF 8.2 code [4,5].  The crystallographic and electronic 
structure of the UTe2  are tested at various temperature ranges.  The calculations are based on 
different  choices of one electron potentials according to Uranium coordinations.   The full 
multiple scattering approach has been applied to the calculation of  U M4,5 edges XANES 
spectra of UTe2.
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The nature of 5f electrons in uranium compounds is strongly dependent on ligand atoms.  
An examination of  evolution of physical  properties in  series of compounds is  needed to  
achieve definite conclusions about the 5f electrons.  Hence the series of uranium dipnictides  
UX2 (X = P, As, Sb,  or Bi) has received considerable attention recently [1,2,3].   Two last  
compounds of  this  series  i.e.  USb 2 and  UBi2 show distinctly  different  surface  topology:  
“cylindrical” like branches in USb 2 and “cylindrical” ones completed with spherical branch in  
UBi2 [1,2].   Therefore,  behaviours of  their  electrical  resistivities  ρ(T)  and thermoelectric  
powers, S(T) were recently compared to each other [4] and we extend this comparison on the  
thermal conductivity, κ(T) in this report.

USb2 and UBi2 crystallize in a tetragonal structure of the anti-Cu 2Sb type with two formula  
units per the chemical unit cell.  They become a uniaxial antiferromagnets below TN equal to 
202 and 180.8 K, respectively.  The ferromagnetic sheets of uranium moments orders along the  
c-axis with the sequence (↑↓↓↑) in USb 2 and (↑↓) in UBi2 [5].  The magnetic unit cell in USb2 

is two times larger along the c-axis than chemical one, while in UBi2 magnetic and chemical 
unit cells are identical. 

A plate-like form in basal  plane of  USb2 and UBi2 single crystals  were grown by the 
“molten metal solution” method [4].  The crystals allowed to prepare samples with dimensions 
of about 6 × 4 × 1 mm3 along  a × b × c axes used for determination of the  a-axis  thermal 
conductivity by the stationary heat flux method [6] with uncertainty less than 2%.  The low 
temperature  measurements  of  κ(T) were  performed  using  the  modified  set-up  for  the 
thermoelectric power measurements [7].

The results of thermal conductivity measurements are presented in Fig. 1 for three crystals 
of UBi2 and two crystals of Usb2 .  The κ(T) for both compounds decreases almost linearly with 
temperature decreasing from ambient to TN.  Then κ(T) increases with decreasing temperature 
and passes maximum that is  about two times higher for USb2 crystals than that for UBi2 one 
despite the residual resistivity ratio (RRR) for USb2 is lower from that for UBi2.

Fig.  1.  Thermal  conductivity  of  UBi 2 and  USb2 

single crystals vs. temperature measured along the a-
axis. Solid lines denote the fit of κ(T) = a/T 

n relation 
to the data above Tmax; n = 1 and 0.7 for crystal 2 of  
USb2 and for  crystal 2 of UBi 2,  respectively.   The 
inset presents derivatives dκ/dT for the crystal 1 of  
UBi2 and crystal 2 of USb 2 near by TN. 

The measured  total  thermal  conductivity κ, 
for the 2-d crystal of USb2 (see figure 2) was resolved into electronic, κel, and phonon/magnon, 
κph, contributions based on the Wiedemann-Franz law κel =  TL0/ρ that equals to  κel =  κ -  κph, 
where  L0 = 2.45 × 10-8 W  Ω/K2 is the Lorenz constant. The heat is transported mainly by 
phonons/magnons; κ ph is equal to about 83% of κ at room temperature (the dashed line in figure 
2). κel is generally low (dotted line in figure 2) but its contribution significantly increases below 
5 K and exceed κph below 2 K because of high drop of κph in this temperature range.
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Conclusions.   The total thermal conductivity of both compounds decreases as  T 
1.2 with 

temperature decreasing from Tmax down to 1 K.  Below this temperature the decrease of κ with 
T decrease  accelerate more for UBi2 (κ ~ T 

2.35) as compared to hat for USb2, where κ changes 
as T 

1.6.  This different behaviour arises probably from the different temperature dependences of 
relaxation time of scattered electrons and different topology of the Fermi surfaces.

The reduced Lorenz number L/L0 (L is defined by κ ρ/T) is given in Fig. 3.  The low values 
of L/L0 for both uranium dipnictides confirm a metallic behaviour of the resistivity.  The L/L0 

ratio of the examined compounds can be compared to that for CeRhAs, where it reaches as high 
value as 5 × 103 at 4.2 K and reflects the semiconducting behaviour of this compound [8].

The Lorenz function is sensitive on electronic structure of compound [9].  Particularly the 
shape of  the  Fermi surface  influences  the  temperature dependence  of  L.   It  seems to  be 
confirmed by differences of values and temperature behaviours of  L/L0 for UBi2 and USb2  . 
The L/L0 for UBi2 increases from value less than 1 below 34 K to it’s the highest value of about 
5.5 reached at  TN  .   The  L/L0 for USb2 is higher than 1 at  all temperatures examined and 
additionally to maximum observed at  TN there is another maximum at 26 K.  The latter  is 
related to maximum of the thermal conductivity. 

References

[1]  D. Aoki, P. Wiśniewski, K. Miyake, N. Watanabe, Y. Inada, R. Settai, E.  Yamamoto, Y. Haga 
and Y. Ōnuki, Philos. Mag. B 80 (2000) 1517.

[2]  S. Lebègue, P.M. Oppeneer, and O. Eriksson, Phys. Rev. B 73 (2006) 045119.
[3]  S. Tsutsui, M. Nakada, S. Nasu, Y. Haga, D. Aoki, P. Wiśniewski, and Y. Ōnuki , Phys. Rev. B 69 
(2004) 054404. 
[4]  R. Wawryk, Philos. Mag. 86 (2006) 1775–1787.
[5]  J. Leciejewicz, R. Troć, A. Murasik, and A. Zygmunt, phys. stat. sol. 22 (1967) 517.
[6]  A. Jeżowski, J. Mucha, G. Pompe, J. Phys. D: Appl. Phys. 20 (1987) 1500.
[7]  R. Wawryk and Z. Henkie, Philos. Mag. B 81 (2001) 223.
[8]  J. Kitagawa, T. Sasakawa T. Suemitsu, Y. Echizen, and T. Takabatake,  Phys. Rev. B 66 

(2002) 224304.
[9]  I.A. Smirnov and V.S. Oskotski, in: Handbook on the Physics and Chemistry of Rare Earths, 

Vol.16, ed.by K.A. Gschneider and L. Eyring (Amsterdam: North-Holland, 1993) 116.

USb2

T (K)
0 50 100 150 200 250 300

 
(W

/m
 K

)

0

20

40

60

80

100

crystal 2
el

ph

T (K)

0 100 200 300

S
 (

V
/K

)

0

10

20

30

40

50

crystal 2 
crystal 3 

Fig. 2.  Electronic,  κel and phonon,  κph contributions to 
the total thermal conductivity in USb2.  The inset shows 
thermoelectric power  S(T) this same 2 crystal of USb2 

compared with earlier measured crystal 3 (see ref. [4]).

Fig.  3.  Temperature  dependence  of  the  reduced 
Lorenz  number,  L/L0 for  the  UBi2 and  USb2 

crystals.
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Prolonged investigation of  the UCuxAl12-x derivatives  have  shown a possibility  of  the 
substitution of Cu by other 3d transition elements. Particularly, the application of Mn and Fe 
as the transition elements created many pseudoternary alloys with the magnetic order with 
ferrimagnetic character (see Ref.1,2). However, the anomalies observed in the temperature 
dependence of the magnetic susceptibility did not find a confirmation in measurements of the 
temperature  dependence  of  the  electrical  resistivity  and  specific  heat  examined  both  in 
magnetic  field  and  in  zero  magnetic  field.  Moreover.  the  low temperature  coefficient  of 
electronic specific heat, g, for all alloys exhibits strongly enhanced value. Unfortunatelly, we 
cannot  decide if  the reason of  the enhanced g is  heavy fermion state  or  crystallographic 
disorder.

At present we report on magnetic properties of UCuTxAl11-x, where T = Mn and Fe. The 
attempts of obtaining the alloys with T = Cr,Co and Ni proved to be unsuccesful. Lattice 
parameters are collected in the Table.

Table – Lattice parameters of UCuTxAl11-x alloys
T x a (nm) c (nm)

Mn 4 0.8783 0.5079

Fe 4 0.8761 0.4991

Mn 5 0.8779 0.5075

Fe 5 0.8632 0.4982

One can see that the change of composition does not involve a serious change of lattice 
parameters.

In Fig.1 the magnetization of the alloys with x = 4 in magnetic field up to 50 kOe at 1.9 K 
is presented. The behavior of the Fe alloy is like for typical ferromagnet with considerable 
histeresis.  Saturation  magnetic  moment  amounts  to  4.75  m  mB/f.u.  Without  neutron 
diffraction experiment we cannot propose which atom is responsible for the value of magnetic 
moment. The Mn alloy is evidently ferrimagnetic but also in this case we cannot determine a 
contribution of individual atoms to the magnetic ordering. Doubtless total magnetic moment 
is  more  that  one  order  of  magnitude  lower  than  in  the  Fe  compound.  The  temperature 
dependence of magnetization of the Mn compounds with Mn concentration x = 4 (Fig.2), both 
in zero field cooled and field cooled mode has ferromagnetic character but the numerical 
values are very small and can suggest spin glass state. Temperature of the phase transition is 
about 300 K. The temperature dependence of the magnetization of the Fe alloy with x = 4 is 
typically  ferromagnetic  (Fig.3)  with  domain  structure  effects  below  TC ~  180  K.  The 
magnetization versus magnetic field for the compounds with transition element concentration 
x = 5 at T = 1.9 K is qualitatively similar to that with lower concentration of transition metal 
(Fig.4). Presented in Fig.5  the temparature dependence of the magneization of Mn compound 
with concentration x = 5 is rather complex, the transition temperature amounts to ~380 K, 
however the magnetization is very low likely as for x = 4. The temperature dependence of the 
magnetization of Fe compound with x = 5 (Fig.6) demonstrates Curie point ~ 230 K and this 
value corresponds to higher content of Fe, assuming that this element is mainly responsible 
for  magnetic  properties.  The  same  conclusion  can  be  presented  in  the  estimation  of  the 
magnetization value. 
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Fig.1.  Magnetization of the alloys with x = 4 in 
magnetic field up to 50 kOe at 1.9 K.

Fig.2. Temperature dependence of magnetization of the 
Mn compound with Mn concentration x = 4, both in 
zero field cooled and field cooled mode.

Fig.3. Temperature dependence of magnetization of the 
Fe compound with Fe concentration x = 4, both in zero 
field cooled and field cooled mode, in various 
magnetic fields.

Fig.4. Magnetization of the alloys with x = 5 in 
magnetic field up to 50 kOe at 1.9 K.

Fig.5. Temperature dependence of magnetization of the 
Mn - compound with concentration x = 5, both in zero 
field cooled and field cooled mode ,in various 
magnetic fields. Note that ZFC run in 50 kOe 
corresponds to right hand scale.

Fig.6. Temperature dependence of magnetization of the 
Fe compound with Fe concentration x = 5, both in zero 
field cooled and field cooled mode, in various 
magnetic fields.
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Recently,  uranium-based  intermetallic 
compounds have been reported to display un-
usual ground states, involved in the coexist-
ence  of  ferromagnetism  and  conven-tional 
superconductivity [1–3].  Since relatively few 
such systems are known, the understanding of 
the  nature of  this  behaviour  is  still  scarce. 
Therefore,  any  comparative  study  of  mag-
netic  properties  on  further  uranium-based 
ferromagnets is highly desired.  In this con-
text, we have studied fundamental properties 
of itinerant ferro-magnetism in β-UB2C [4, 5]. 
It  was  found that  this  compound  with  en-
hanced  electronic  specific  heat  coefficient 
(34.7  mJ/molK2)  transfers  into  a  ferromag-
netic state below 74.5 K. At 1.5 K the ordered 
magnetic moment  of  the  uranium ions  was 
found to be 1.12(1) µB (U1 in 3b) and 1.03(1) 
µB (U2  in  6c),  respectively.  The  uranium 
moments were reported to be close to the ab-
plane forming ferromagnetic chains parallel to 
the  hexagonal  c-axis.  In  addition  to  the 
ferromagnetic  transition,  we  found  a 
characteristic  temperature  T* =  37  K,  at 
which both the electrical resistivity and spe-
cific heat show anomalies.  The thermoelec-
tric power is positive and displays a maxim-
um at 12 K.  The observed features are com-
parable to those of ferromagnetic UGe2 and 
UIr,  known as  superconductors  under  pres-
sure.  As we have shown previously [4], the 
magnetism in β-UB2C is of an itinerant elec-
tron type.  This means that the delocalization 
of 5f-electrons is very sensitive to direct 5f-5f 
overlap and 5f-spd hybridisation.  The effect-
ive methods to probe the effect of inter-atomic 
separation  on  the  magnetism  are  applying 
pressure or alternatively through dilution with 
non-magnetic elements.  In this contribution, 
in order to increase the 5f–5f separation we 
applied the second method, diluting  β-UB2C 
with ThB2C.  

Polycrystalline samples  U1-xThxB2C with 
x = 0, 0.05, 0.125, 0.25, 0.34, and 0.45 were 
prepared  by  arc  melting  stoichiometric 
amounts  of  high  purity  (3N or  better)  con-
stituents, using the procedure described in [6]. 
The  quality  of  the  obtained  samples  was 
examined using X-ray powder diffraction re-
vealing single phase isotypic with the rhom-
bohedral  ThB2C-type  structure  [7].  Magne-
tization  was  measured  using  a  SQUID 
(Quantum Design) in fields  <5 T and for 1.7 
K  <  T  <  300  K.  Electrical  resistivity  was 
measured in the temperature range 4 –300 K, 
using a four probe dc-technique with a current 
15 mA.   Specific  heat  measurements  were 
performed from 1.8 to 100 K and in magnetic 
fields  < 9 T,  using  a  PPMS  (Quan-tum 
Design), utilizing the relaxation method. 

The temperature dependence of the mag-
netization is  shown in  Fig. 1  for  a  selected 
number of alloys.  The clear conclusion that 
emerges from the figure is that the Th-dilution 
weakens magnetism, resulting in a decrease of 
both ferromagnetic ordering temperature and 
the value of magnetic moment at 2 K.  The 
tentative magnetic phase diagram is depicted 
in  the  upper  panel of  Fig. 2.   A monotonic 
decrease  of  TC with the Th-concentration is 
found for x up to 0.3; above this concentration 
TC suddenly drops and at  x = 0.34, the long-
range ferromagnetic order no longer exists. 
   The magnetic behaviour for 0.34 < x < 0.45 
may be ascribed to short-range correlations.  
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Fig. 1  Th1-xUxB2C  temperature  dependence  of 
magnetization.

Fig. 2   Tentative  magnetic  phase  diagram  of 
Th1-xUxB2C.   Concentration  dependence  of  the  ef-
fective moment  (middle  panel)  and  of  paramagnetic 
Curie temperature (bottom panel).  Data for  x = 0.15, 
0.3, 0.4 are from [6].

The temperature dependence of susceptibility 
of the studied alloys revealed an interesting 
trend  in  the  effective  magnetic  moment 
(middle  panel  of  Fig. 2)  and  paramagnetic 
Curie temperature (bottom panel).   Actually, 
in  the  compositions  with  long-range  mag-
netic order  the effective moment persists  at 
values of about 1.5 µB/U.  The increase in µeff 

starting at  x = 0.34 indicates a develop-ment 
in 5f-electron localization.  It is observed that 
from  the  percolation  limit  (x ~ 0.3), 
antiferromagnetic  coupling  between  the  U 
atoms is the dominating interaction.    

Temperature dependence of the specific 
heat  of  the  solid  solutions  Th1-xUxB2C  is 
shown in Fig. 3. 

Fig. 3  The specific heat divided by temperature of Th1-

xUxB2C as a function of temperature. The inset shows 
Cp/T vs T for x = 0.34. 

    The Cp/T -behaviour of compositions with 
x below the percolation limit of 0.3 is expect-
ed as for long-range ferromagnets; i.e., there 
is a  Cp/T jump at  TC and at low temperature 
(LT) the data follow a Cp/T ~ AT 1/2exp[–∆/T ] 
dependence.  Inspection of the LT data reveals 
an  evolution  of  heavy-fermion be-havior  at 
x = 0.34. For this composition  Cp/T increases 
with  decreasing  temperature  as  – lnT (see 
inset),  reaching  a  value  of  91 mJ/molUK2, 
compared to 35 mJ/molUK2 in x = 0 [4].  Field 
dependence of  Cp and a electrical resistivity 
data will be shown at the conference.
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In  studies  of  fundamental  aspects  of  5f-electron  magnetism,  the  ternary  intermetallic 
compounds of  different  stoichiometry containing uranium,  a transition metal  and a p-block 
element play an important role.  Usually, the transition metal in such compounds is an acceptor 
of electrons, mainly transferred from uranium, and becomes non-magnetic.  But very often it 
influences the occurrence of various magnetic properties covering a wide range of behaviours 
between more or less localized or delocalized 5f states.

From X-ray single-crystal diffraction, U3Ru4Al12 crystallizes in the hexagonal Gd3Ru4Al12 

structure  type  with  space  group  P63/mmc,  a = 0.88300(1)  and  c = 0.94296(2) nm, 
V = 0.6367(2) nm3 and  Z = 2.  The crystal structure can be viewed as an intergrowth of two 
distinct layers of Ru and Al atoms that pile along the hexagonal axis, with U atoms located on 
the  apexes  of  a distorted  kagomé lattice  inside  some  Al  layers.   This  geometry  induces 
a topological frustration and a freezing of the magnetic moments in the isostructural U3Co4Al12 

exhibiting spin-glass properties [1,2].
Surprisingly,  the  DC  and  AC  susceptibilities  of  a polycrystalline  sample  suggest  the 

occurrence  of  an  antiferromagnetic  coupling  of  the  uranium  magnetic  moments  below 
TN = 8.4 K  in  the  Ru-based  compound.   The  same  Néel  temperature  was  found  in 
measurements  on  single-crystalline  sample along the  B||c-axis.   As  shown  in  Fig. 1,  the 
susceptibility along B//a-axis does not go through a maximum at TN .  The magnetic parameters 
found from the modified Curie–Weiss expression are given in Fig. 1.

The electrical resistivity shows a large anisotropy between the current flowing along both 
directions  j||a and  j||c below  TN (see Fig. 2).   As seen from this figure,  there  are  distinct 
anomalies in the resistivity at  TN.  In the case of  j||a, the ratio R/R290 K goes through a sharp 
maximum, while this ratio for j||c goes through a keen with lowering temperature.  In the first 
case, a Kondo effect is observed above TN .  The behaviour for j||c is quite different, this ratio 
above TN being almost independent of temperature with very flat minimum around about 60 K. 
No superconductivity was detected down to 0.3 K. 

Below TN both transverse magnetoresistivities (TMR) measured at 8 T along these two main 
crystallographic directions show strong anomalous behaviour, especially that measured for j||c: 
∆ρ/ρ goes first through a sharp positive peak at TN and above this temperature it takes negative 
values slightly decreasing with increasing temperature.  The temperature variation, ∆ρ/ρ(T) is 
completely different for j||a: TMR is negative at all temperatures showing also a peak at TN but 
being considerably smaller.  The TMR variation with applied field is typical for a Kondo effect.

A similar situation was found also for the temperature dependences of thermopower  Si , 
measured along i = a and c.  A positive maximum at TN is observed for S||c-axis, but that for S||
a-axis is much smaller and is shifted to lower temperature.   The shape of the temperature 
dependences, Si(T), for both crystallographic directions i measured above TN is similar to each 
other, i.e. they fall down in values, change the sign at 50 and 15 K, and have a trend towards 
saturation to the values of about –8 μV/K at 300 K and –15 μV/K at 200 K, respectively.  In the 
latter case, S||a(T) is decreased in absolute values achieving a value of –13 μV/K at 300 K.

However, only a rather small specific heat anomaly takes place at  TN and the electronic 
specific heat coefficient  γ(0 K) = 200 mJ/mol U K2. 
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Fig. 1  Inverse magnetic susceptibility (and susceptibility in insert) as a function of temperature. 

Fig. 2  Electrical resistivity as a function of temperature for the current j applied along two directions.
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Previous measurements of the solid solu-
tions U1-xYxAl2 have revealed interesting mag-
netic and thermodynamic properties [1]. This 
system shows spin fluctuation behaviour for 
x ≤ 0.2,  spin-glass freezing for  0.2 < x < 0.9 
and non-fermi-liquid (nFL) behaviour around 
x = 0.85–0.95.  The fact that the nFL property 
appears  nearby  spin-glass  phase  suggests 
a close relationship between nFL and magnet-
ic  instability.   However,  similar  nFL beha-
viour  without  spin-glass  freezing  was  ob-
served in  U1-xScxAl2 [1],  thus  origin  of  the 
nFL state in U1-xYxAl2 remains an open ques-
tion.  There exist three competing models [2], 
which are able to interpret behaviour of such 
class of materials; The quantum phase trans-
ition  mentioned  above,  the  two-channel 
Kondo  effect  and  distribution  of  Kondo 
temperatures.

Very  recently,  one  of  us  (V.H.T.)  has 
measured  electrical  resistivity  and  thermo-
electric power of U0.05Y0.95Al2 [3].   The ob-
tained experimental data for U0.05Y0.95Al2 ap-
pear  to  be  consistent  with  the  two-channel 
Kondo (TCK) scenario [4].  The description 
of physical properties in terms of TCK effect 
requires the presence of single-ion Kondo be-
haviour in preceding or following alloys with-
in series, before the overcompensation of the 
impurity moments by the two channels of the 
conduction electrons sets in.  To clarify the 
mechanism providing nFL in U0.05Y0.95Al2 we 
investigate  electrical  resistivity  and thermo-
electric power for several selected alloys U1-

xYxAl2. 
Polycrystalline samples of U1-xYxAl2 with 

x = 0.1, 0.3, 0.5, 0.7, 0.9 and 0.95 were pre-
pared  using  arc-melting  method.   The  ob-
tained samples were annealed in sealed quartz 
glass tubes at 8000C for one week.  Quality of 
the samples was checked by X-ray diffraction 
and microprobe EDX.  The electrical resistiv-
ity  ρ(T) was measured by  the standard four-
probe  ac-technique.  Thermoelectric  power 

TEP was  measured  using  the  differential 
method.

Fig. 1  shows temperature  dependence  of 
the  normalized  resistivity  ρ(T)/ρ(300K) for 
the studied alloys.  The resistivity for x = 0.1 
exhibits normal metallic behaviour.   Compar-
ison of the behaviour with that of  UAl2 [5] 
indicates that the spin-fluctuation scattering is 
weakened by the Y-substitution.      
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Fig. 1 Temperature dependence of the resistivity 
of U1-xYxAl2.

As the Y concentration x is increased up to 
0.7,  the  ratio  ρ(2K)/ρ(300K)  gradually  in-
creases.  At the first glance one attributes this 
to  an atomic  disorder  effect.   However,  in-
spection  of  the  derivative  dρ(T)/dT reveals 
a dramatic  change.   With  increasing  x,  dρ
(T)/dT decreases and even changes its sign to 
the negative value at  x = 0.5, thus signalling 
the development of the Kondo effect.   This 
effect distinctly occurs for x = 0.9 and 0.95. 

Displayed in Fig. 2 are plots of (ρ(T) – ρ0) 
as a function of temperature between 2–20 K, 
where ρ0 is the residual resistivity.  The ln–ln 
plot of the data clearly expresses a power law 
ρ(T)-ρ0 ~ T n behaviour of the resistivity at 
low temperatures.  The exponent n varies with 
x, taking values of 2, 1.5, 1.5, 1.3, 1.0, and 1.1 
at x = 0.1, 0.3, 0.5, 0.7, 0.9 and 0.95, respect-
ively.  The observed change of n with x may 
confirm the previously reported [1] evolution 
of the 
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Fig.2 The ln-ln plot of the resistivity ρ(T)-ρ0 vs 
T for U1-xYxAl2.

ground  state,  from  the  spin-fluctuation 
(x = 0.1)  through  the  spin-glasses  (x = 0.3– 
0.7)  to  non-Fermi-liquid  state  (x = 0.9  and 
0.95).  However, the explanation for nFL due 
to a magnetic instability is not consistent with 
the magnetoresistance data.  For instance, 
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Fig. 3 The electrical resistivity of U0.1Y0.9Al2 

in various magnetic fields.

the resistivity for x = 0.9  (Fig. 3), seems to be 
weakly sensitive to magnetic fields. Thus, it is 
in contrast to  the behaviour of CeCu5.9Au0.1 

[6]  being  the  nFL system  associated  with 
magnetic instability. For the latter compound, 
the resistivity and specific heat are extremely 
sensitive to applied magnetic fields. 

The thermoelectric power S of the studied 
samples of U1-xYxAl2 is shown in Fig. 4.  Ob-
served enhancement in TEP for x ≤ 0.3 is due 
to the contribution of spin-fluctuation scatter-
ing.  On the opposite side, the  S(T) depend-
ence of  x = 0.9 and 0.95 can be ascribed to 
a Kondo system.  The most important finding 
of our study is, however, the observation of 
the transition from the Fermi-liquid behaviour 
with  the  S ~ AT relation  to  nFL behaviour 
with  the  S ~AT 1/2 dependence  (see  bottom 
panel of Fig. 4).  

It is worthwhile to mention that the  T 1/2 

law was predicted by Cox [7] for  the two-
channel Kondo effect.
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Fig.  4  Thermoelectric  power  (upper  panel)  and 
the  ratio  (S(T)-S0)/T (bottom panel)  of  U1-xYxAl2 as 
a function of temperature. S0 is the residual TEP.

In  conclusion,  the  Kondo-effect  in  ρ(T) 
and in  S(T) together  with  weakly field  de-
pendence of  ρ(T) suggest that the nFL state 
for x = 0.9 and 0.95 may not be interpreted 
with a magnetic instability. 

We propose two-channel Kondo effect as 
possible origin for the nFL behaviour.  

The research was supported by N202 082 31/0449.

References

[1] F. Mayr et al. PRB 55 (1997) 947.
[2] G. R. Stwart, RMP 73 (2001) 797. 
[3] V. H. Tran, Acta .Phys. Pol. A 113 (2008) 387.
[4] A.W.W. Ludwik et al., PRL 67 (1991) 3160.
[5] A.J. Arko, et al. PRB 5 (1972) 4564.
[6] H.von Löhneysen, JPCM 8 (1996) 9689.
[7] D.L. Cox, unpublished results.

102



P-37

GGA+U Study of Point Defects and Iodine in Uranium Dioxide

Boris Dorado, Michel Freyss

CEA-Cadarache, DEN / DEC / SESC / LLCC, Bât. 130, 13108 Saint-Paul Lez Durance, France

We carried  out  ab  initio calculations to  study the  stability  of  several  point  defects  in 
uranium dioxide: oxygen/uranium vacancies, interstitials as well as Frenkel pairs and Schottky 
trios.  This work has been done within the framework of the Density Functional Theory (DFT), 
using the Projector Augmented Wave (PAW) method.  The strong correlations of the uranium f 
electrons have been taken into account using the GGA+U approximation as implemented in the 
Vienna ab initio Simulation Package (VASP) [1].  Our results were first compared with those 
previously  obtained using  a  simple  GGA approximation  [2],  allowing  us  to  highlight  the 
improvement brought by GGA+U calculations.

Contrary to previous works using LDA or GGA approximations, we found a much higher 
formation energy of the oxygen interstitial.  We also calculated formation energies of bound 
and isolated Frenkel pairs and Schottky trios which allowed us to determine a binding energy 
for those defects.  Such defects happen to be more stable in their bound state than in their 
isolated state.

We studied the incorporation energies of iodine as a first  step to calculate its migration 
energies.  We found the iodine to be more stable in complex defects such as bivacancies or 
trivacancies.  Future results on atomic transport will be directly compared to experimental data 
obtained in our laboratory [3].
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The scope of this study is to shed light on the behavior of point defects and of helium in 
nuclear materials by means of first-principles calculations. We focus here on uranium carbide, 
with the aim to extend this study to mixed uranium and plutonium carbides (U,Pu)C, which are 
potential nuclear fuels for Generation IV reactors. 
The investigation of the magnetic properties of UC shows that the equilibrium structure of UC 
is at the edge of the non-magnetic / antiferromagnetic transition. The stability of point defects 
in UC is determine taking into account the formation of vacancies, interstitials, Frenkel pairs, C 
dumbbells and anti-site defects. The results show that carbon defects are most favorable than 
uranium  defects  in  UC,  in  agreement  with  the  fact  that  uranium carbide  preferentially 
accommodate the deviation from stoichiometry by carbon defects [1].  Point defects are also 
found to interact weakly with one another and to induce very little distortion of the crystal 
structure. Our results are compared to those recently published on point defects in UN [2]. 

The stability of helium atoms in the UC lattice is also assessed. Helium atoms are found to 
be most stable at a substitution uranium site or a U-C bivacancy, with a small incorporation 
energy comparable  to the one found for helium incorporation in  UN but also in different 
actinide dioxides [3].

All  calculations  are  performed  using  the  Projector  Augmented Wave  method in  the 
Generalized  Gradient  Approximation  (GGA)  of  the  Density  Functional  Theory (DFT),  as 
implemented in the code VASP [4].
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The two heavy fermion systems,  superconducting URu2Si2 and ferromagnetic UCu2Si2, 
represent  two  uranium  compounds  of  strikingly  similar  crystallographic  structures  and 
astonishingly  different  electronic  and  magnetic  properties.  Recognition  of  the  degree  of 
localization of f-electrons and the extend to which the f  electrons contribute to the Fermi 
surface topology are of crucial importance for their understanding. Over 20 years of intensive 
investigations and discussions on the mysterious ordered phase observed in URu2Si2 below 17.5 
K gives an idea about the scale of difficulties [1]. Strong correlations of electrons on the 
threshold  of  becoming  localized  are  essential  in  these  materials.  Their  actual  discussion 
requires detailed information  about the ongoing one-electron structure.  In  the light  of  the 
known limitations  of  the  developed methods  of  ab  initio calculations  based  on  density 
functional theory and the local density approximation, this is not a trivial task. 

The  results  of  series  of  DFT-L(S)DA  calculations  for  the  compounds  under 
consideration presented here have been obtained using the FLAPW and FPLO procedures [2]. 
Both the relativistic and non-relativistic versions of the latter method have been applied. The 
spin polarization and other extensions have been probed together with a variation of some 
initial parameters in order to check the stability of the solutions and to imitate external pressure 
or magnetic field. The calculations correctly predict the main characteristics of the materials, 
verifiable within the DFT approach, in particular, the ferromagnetic ordering for UCu2Si2 and 
nonmagnetic ground state for URu2Si2.  

Some qualitative features of the simulated electronic structures may be helpful in discus-
sion  of  more  subtle  interactions.  The  non-spherical  part  of  the  crystal  field  is  especially 
important in these compounds. The local symmetry of the charge distribution along the metal 
ligand axis red from the electron density maps may indicate an efficient way to restrict the 
number of independent parameters describing it. Further possibilities on this line are suggested 
by apparent differences in the hybridization degree of the 5f-electron states with the conduction 
bands [3] faced with the aforementioned similarity of the uranium atom neighborhood.  On this 
ground we discuss temperature dependencies of some thermodynamic quantities.
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Usually orbital moments are underestimated in spin polarized relativistic density functional 
calculations.  To get rid of this problem, so-called orbital polarization (OP) corrections were 
introduced first in [1] and later derived in a slightly different form in [2].  We investigate the 
behavior of the magnetic moment in dependence of different applied OP corrections to the 
system.

In this work OP corrections have been applied for UX compounds, with X in (N or S), and 
UT2Si2 compounds, where T = (Co, Cu, Cr, Fe, Mn, Ni, Os, Pd, Rh or Ru), with a focus on the 
orbital moment.  The results for the individual atomic moments in these compounds will be 
compared with available experimental data and calculations in literature. 

References

[1]  O. Eriksson, M.S.S. Brooks, and B. Johansson,  Phys. Rev. B 41 (1990) 7311–7314.
[2]  H. Eschrig, M.. Sargolzaei, K. Koepernik, and M.. Richter, Europhys. Lett. 72 (2005) 611–617.

106



P-46

Electronic Structure of  ThPt4Ge12 

A. Jezierski     1 and D. Kaczorowski 2 

1Institute of Molecular Physics, PAS, M.Smoluchowskiego 17, Poznań, Poland
2Institute of Low Temperature and Structure Research, PAS, Okólna 2, Wrocław, Poland

Several weeks ago, two research groups independently communicated on the discovery of 
a  novel  class  of  ternary  compounds  MPt4Ge12,  crystallizing  with  the  filled  skutterudite 
structure (space group Im-3) [1,2].  The reported phases with M = Sr, Ba, La and Pr have been 
characterized as BCS type II superconductors with the critical temperatures of 5.10, 5.35, 8.3 
and 7.9 K, respectively.  Most recently, we succeeded to prepare the first actinoid-containing 
representative  of  the  Ge-based  skutterudite  series,  namely  ThPt4Ge12 [3].   Based  on  the 
magnetization,  electrical  resistivity  and  specific  heat  data  the  compound  has  been 
characterized as a clean-limit  strong-coupling superconductor with  Tc = 4.62 K.  Moreover, 
some hints have been found at a possible non-BCS character of the superconducting state.

Here we report the results of the first principle calculations of the electronic properties of 
ThPt4Ge12, performed using full-potential relativistic (FPLO) method within the local density 
approximation  (LDA) [4,5].   The exchange correlation  potential  was  used in  the form of 
Perdew and Wang [6].  The self-consistent calculations were performed for 396k points in the 
irreducible Brillouin zone.   In these calculations  the thorium 7s,  7p,  6d and 5f states,  the 
platinum 6s, 6p and 5d states, as well as the germanium 4s, 4p and 3d states were treated as 
valence states, whereas the thorium 6s and 6p states, the platinum 4f, 5s and 5p states, and the 
germanium 3s and 3p states were included in the semicore.  The calculations were performed 
for the experimental cubic lattice parameter  a = 8.5925 Å and the following distribution of 
atoms:   Th at  the 2(a)  (0, 0, 0)  sites,   Pt  at  the 8(c)  (¼, ¼, ¼) sites  and Ge at  the 24(g) 
(0, 0.1542, 0.3525) sites.

The obtained electronic band structure is shown in Fig. 1 in the form of the total density of 
states (DOS) within the energy range from –15 eV to +5 eV (EF = 0).  The DOS value at the 
Fermi level is N(EF) = 8.4 states eV–1 f.u.–1.  Analysis of the partial DOS reveals that the main 
contribution to N(EF) comes from the Ge 4p band (5.9 states eV–1 f.u.–1), while the combined 
contribution of the Th and Pt atoms makes about 1/3 of the total DOS at EF (1.5 and 1.3 states 
eV–1 f.u.–1, respectively).  The important finding is that the Pt 5d states hybridize strongly with 
the Ge 4p states in the region from –6 eV up to EF .

The value of  N(EF) implies the Sommerfeld coefficient of the specific heat to be about 
20 mJ mole–1 K–2.   Taking  into  account  the  electron–phonon  coupling  constant  λ = 0.62, 
calculated  for  ThPt4Ge12 from  the  experimental  data  via  the  McMillan  formula  [3],  one 
obtains the electronic specific heat coefficient of 32 mJ mole–1 K–2, in fairly good agreement 
with the experimental value γn = 40 mJ mole–1 K–2.

The calculated electronic structure of ThPt4Ge12 corroborates the conjecture formulated in 
Ref. 1 that the superconductivity in the MPt4Ge12 skutterudite-like compounds is an intrinsic 
property of the [Pt4Ge12] framework with a little influence of the M guest atom.
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Fig. 1.  Total density of states in ThPt4Ge12.
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UCoGe is one of the intermetallic UTX compounds (where T  is transition metal and X is 
p-element),  which  crystallizes  in  the  orthorhombic  TiNiSi  structure  (space  group  Pnma). 
Originally  it  was  suggested  that  UCoGe has  a  paramagnetic  ground  state  [1].   However 
recently  coexistence  of  a weak  ferromagnetism  and  superconductivity  was  reported, 
concluding  that  UCoGe is  a weak itinerant  ferromagnet  (TC = 3 K)  with a  small  ratio  of 
ordered (µ0 = 0.03 µB) to the effective (µeff = 1.7 µB/f.u) moments [2].

Previously we investigated UTSi compounds with the same crystal  structure.  Some of 
them  can  be  hydrogenated,  while  changing  their  crystal  structure  into  hexagonal  and 
increasing respective magnetic ordering temperatures [3].  This opens the possibility for fine 
tuning of UCoGe magnetism by H doping.  

Here  we  investigate  hydrogen  absorption  and  its  impact  on  the  crystal  structure  and 
magnetic properties of UCoGe.  Similarly like for the compounds with silicon, we applied a 
high-pressure synthesis (114 bar) with temperature cycling up to T = 773 K, but it was shown 
that  a  pure  hydride  with “full”  H occupancy of  1.6  H atoms (determined volumetrically, 
somewhat  higher  value than for UCoSiH1.4)  per  formula unit  can be synthesized at  much 
lower pressure (8 bar). Experiments with even lower H2 pressures are under way. 

For UCoGeH1.6  we confirmed the same modification of the lattice symmetry known e.g. 
from UCoSi-H.  The orthorhombic structure transforms  to  a  hexagonal  one (ZrBeSi  type) 
while expanding the unit cell volume by 10.4%.  The crystal structure parameters are given in 
the Table. 

Table 1. Lattice parameters and unit cell volume of UCoGe and its hydride. Notice the change in 
notation between the two structure types: For UCoGe, a corresponds to c hex, c to a hex.

Compound Structure type a (Å) b (Å) c (Å) V (Å3)

UCoGe Orthorhombic 6.8473(5) 4.2074(3) 7.2285(4) 52.062

UCoGeH1.6 Hexagonal 4.0982(4) - 7.9035(1) 57.48

The  volume increment  is  larger  than  in  UCoSi-H -  6.5  %.  Magnetization  measurements 
indicate that UCoGeH1.6 is a ferromagnet with magnetization at  T = 2 K corresponding to ≈ 
0.1 µB/ U-atom (Fig.1), i.e. much larger than in UCoGe. 
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Fig. 1 Magnetization curves (randomly oriented powder) of UCoGe and UCoGeH1.6 at T = 2 K. 

As seen from Fig.2, the Curie temperature TC for this hydride exhibits even larger change-it 
increases  to  ≈ 50  K.  In  low  fields,  magnetic  history  phenomena  were  observed.  The 
temperature dependence of magnetization, although revealing some kind of ferromagnetism, 
is not what is expected from a regular ferromagnetic material. In particular, magnetization 
increases when cooling down in two weakly resolved steps, and does not tend to saturation in 
the low-temperature limit. This can mean that the ferromagnet is not homogeneous and the TC 

values are in fact distributed over some range below 50 K.
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Fig. 2.  Temperature dependence of magnetization of UCoGeH1.6 (randomly oriented powder) 
measured in the magnetic fields 0.1 T, 1 T, and 6 T.  ZFC denotes the measurement after cooling in 

zero magnetic field, FC after cooling in the given field.

In the paramagnetic  range,  the magnetic  susceptibility  of UCoGeH1.6  obeys the Curie-
Weiss law with µeff = 1.8 µB/f.u and Θp ≈ 9 K. 

First  experiments with heat  capacity also do not reveal any clear anomaly in the low-
temperature range.
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We  have  been  studying  variations  of  magnetic  properties as  a  function  of  hydrogen 
concentration for large families of UTX compounds (T - transition metal, X – p-metal), which 
prove  that  doping  of  U  intermetallics  by  interstitial  hydrogen leads  to  stronger  magnetic 
properties.  On the other hand, any dilution of uranium sublattice by a non-magnetic element 
leads to the suppression of magnetism.  This was shown e.g. on the case of U1-xThxCoSn [1], in 
which the long-range ferromagnetism vanishes at approx. 60% Th.  These compounds preserve 
the  same  hexagonal  structure  (ZrNiAl  type,  space  group mP 26 )  through  the  whole 
concentration range.  It is intriguing to investigate whether the interaction with H is changed 
when replacing Th for U, and whether magnetic properties are affected by the H doping in the 
analogous way as in pure UCoSn, in which it leads to the increase of TC from 82 K to 102 K for 
UCoSnH1.4 [2].  Here we report on the changes of crystal structure and magnetic properties due 
to hydrogenation of U1-xThxCoSn (x = 0.2, 0.4, 0.6, 0.8, 1).

The bulk materials obtained from arc melting were crushed into submillimeter powder and 
subsequently exposed to the hydrogen gas under pressure 110 bar and to thermal treatment up 
to T = 923 K.

The crystal  structure  was  studied  by  X-ray  powder  diffraction  (Cu-Kα  radiation)  and 
refined using a full-profile Rietveld analysis.  We found that the structure type is not changed 
upon hydrogenation.  It only leads to an expansion of unit cell, ranging between 3.0% and 
3.6%.  Fig.1 shows that both lattice parameters increase in the hydride, but the increment of c is 
increasing with increasing Th concentration while increment of a is reduced.  More detailed X-
ray analysis indicates that a phase separation occurs in the compounds with more than 60% of 
Th both in parent compounds and hydrides.

Fig. 1.  Concentration dependence of lattice parameters of U1-xThxCoSn and U1-xThxCoSn-H.

The  stoichiometry  of  hydrides  was  determined  by  means  of  controlled  thermal 
decomposition of hydrides in a closed volume.  The amount of absorbed hydrogen decreases 
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from 1.4 to 0.8 H/f.u. with increasing Th concentration (Fig. 2).

Fig. 2.  Concentration dependence of absorbed 
hydrogen. The line is a guide for eye.

Fig. 3.  Concentration dependence of Curie 
temperatures of U1-xThxCoSn and hydrides.

Magnetic susceptibility of U1-xThxCoSn and their hydrides was studied in various magnetic 
fields, using a Quantum Design PPMS extraction magnetometer. The grains of the samples 
were fixed in random orientation by acetone-soluble glue, which prevents rotation of individual 
grains  under the influence  of  a  magnetic field.  Studies of  the  temperature  dependence  of 
magnetic susceptibility indicate certain increase of TC in the hydrides, but the Th concentration 
at which ferromagnetism vanishes remains practically unchanged.  Two Curie temperatures 
found from AC susceptibility  indicate  possible  phase separation  found  by  X-ray  analysis 
(Fig. 3).

We can conclude that the impact of lattice expansion on magnetism does not help to shift 
the critical concentration of the onset of magnetism — we expect a more prominent effect of 
lattice expansion in the concentrated system where the U–U spacing has a prominent role.  In 
the diluted systems, the H absorption can tune the U–U spacing in rare remaining U-rich clus-
ters.  Otherwise it only separates more the U and Th atoms, reducing the 5f hybridization with 
Th electronic states.
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UCoSn belongs to UTX (T is a late  d metal, X is a  p-metal) series of U intermetallics 
with  the  hexagonal  ZrNiAl-type  crystal  structure  whose  magnetic  and  other  electronic 
properties  were  studied  systematically  in  order  to  understand  a  role  of  5f-electron-
hybridization with electrons of ligands [1]. Such UTX compounds exhibit a huge magnetic 
anisotropy,  with  the  c-axis  as  an  easy-magnetization  direction  independent  of  the  ground 
state, therefore, the study should be performed on single crystals. Single crystals of many 
UTX were prepared successfully, however, not UCoSn, a ferromagnet with the highest  TC 

within the group, 83 K. The only data about the magnetic anisotropy of UCoSn were obtained 
on  aligned  polycrystalline  sample  extracted  of  ingot  prepared  in  arc  furnace  [2].  The 
anisotropy field Ba was estimated in Ref. [2] as 120 T. The spontaneous magnetic moment Ms 

= 1.2 µB was smaller than obtained on fixed random powder (1.3 µB) showing that the sample 
was  not  a  real  single  crystal,  and the  Ba value  is  thus  underestimated.  Attempts  to  grow 
UCoSn crystals by Czochralski method in a tri-arc furnace, very successful for other UTX, 
failed.

In this work we have tried to extract a single crystal from a single-phase polycrystalline 
ingot prepared by pulling in tri-arc furnace. It is known that UCoSn absorbs hydrogen up to 
composition UCoSnH1.4, which is normally accompanied by crushing the sample into powder 
[3]. Testing the possibility to synthesize monolithic hydrides using general features of metal-
hydrogen phase diagram, we found that in an intermediate stage the hydrogenation proceeds 
along grain boundaries, separating the grains without much affecting them.

The selected piece of 8 mg mass displays an excellent Laue pattern (Fig. 1). The crystal 
was fixed by epoxy and its magnetization was measured at 2-300 K along the principal axes 
using a PPMS-14 magnetometer (Quantum Design). The results are presented in Figs. 2-6. 
They show that the sample consists of about 80% of single crystalline UCoSn and the rest is 
polycrystalline hydride UCoSnH1.4 with TC ≈ 100 K. The contributions from each part to the 
total magnetization can be distinguished. It  helped us to estimate the magnetic-anisotropy 
characteristics of UCoSn. Ba exceeds 250 T that corresponds to the first anisotropy constant 
K1 = 30 MJ m-3 (or 120 K/f.u.). The huge uniaxial anisotropy persists in the paramagnetic 
range  (Fig.  6),  with  a  large  difference  (230  K)  in  values  of  the  paramagnetic  Curie 
temperatures  Θp along the  c axis and in the basal plane. Thus, we succeeded to isolate a 
single-crystalline grain sufficiently large for the magnetization measurements by means of 
preferential  hydrogen absorption along grain boundaries.  The partial  absorption inside the 
grain could be minimized by optimization of the whole process.
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Fig. 1. Back Laue pattern of UCoSn crystal with X-
ray beam along the b axis. 
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        YbNi4Si compounds crystallize in the hexagonal CaCu5-type of structure, space group 
P6/mmm.  Yb atoms occupy the (1a) site, Ni(1) the 2c site and Ni(2) and Si are statistically dis-
tributed on the 3g positions.  The lattice constants are a = 4.820 Å and c = 3.996 Å.
       Our previous studies on YbNi4Si have revealed its paramagnetic properties with the 
paramagnetic Curie temperature θP = 0 K and the effective magnetic moment µeff = 4.15 µB/f.u 
[1]. This effective magnetic moment is lower than the value expected for the free Yb3+ ion 
(4.54 µB). Since magnetic moment of the divalent Yb is zero, the observed reduction of µeff can 
be explained in a natural way assuming a fractional occupation of the excited magnetic state 
4f13.  The  Yb2+ and Yb3+ peaks observed by XPS in the valence band region confirm the 
domination of the Yb3+ valence state [1].  A quadratic dependence of electrical resistivity at low 
temperatures has been observed.  A relatively large residual resistivity ρ0 is probably due to the 
random distribution of Ni(2) and Si on the 3g site, as has been also observed in the CeNi4Si 
compound [1].  The quadratic variation of the low temperature resistivity is characteristic of a 
Fermi liquid. The magnitude of the resistivity is relatively large and the residual resistivity ratio 
ρ(300K)/ρ(4K) = 1.3 is quite small, both findings being probably indicative of considerable 
atomic disorder.
       Based on the specific heat measurements, the electronic specific heat coefficient  γ = 
25 mJ/mol -1K-2 and the Debye temperature θD = 320 K were derived (Fig. 1).

 

Fig. 1  Specific heat of the YbNi4Si compound. The experimental data (circles) are fitted with the Debye formula 
(solid line).  Inset: The low-temperature specific heat data in the form of  C/T(T2).  The value of the electronic 
specific heat obtained by plotting.

         Extrapolation of the lowest temperatures range of C/T(T2) yields the value of 0.1 Jmol-1K-

2.  Therefore, it seems that YbNi4Si tends to the heavy fermion state at low temperatures range. 
The analysis of the Schottky peak appearing in the magnetic part of the specific heat has 
provided the scheme of the energy levels being a result of the splitting by the crystal electric 
field.  For Yb, three Kramers doublets with ∆0=0, ∆1=90 K and  ∆2 =218 K have been obtained.
      Besides, as is typical of Ce- and Yb-based compounds, TEP is mostly positive for the 
former and negative for the latter [2].  It is a direct consequence of the electronic structure (Yb 
being a hole counterpart of Ce).  The linearity of the  S(T) curve of YbNi4Si for T > 200 K 
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(Fig. 2) is doubtless related to the diffusion thermopower and the phonon drag certainly plays 
a minor role.  One can notice that TEP in the temperature range 25 – 175 K deviates from the 
linear dependence.  This deviation from linearity can be explained employing a band model [3].

Fig. 2.  Temperature dependence of the thermoelectric power of YbNi4Si (circles: experiment, line: fit 
with Eq. (1).

     The conduction electrons are  assumed to be scattered by a  4f  quasiparticle band of 
a Lorentzian form.  It leads to the TEP formula of the form:
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       The parameter ∆ = E0 – EF is a measure of the position of the DOS peak in respect to the 
Fermi level  and  Γ is  the width of the 4f band.   The fit  presented in Fig. 3 was obtained 
including additionally the linear term due to the diffusion thermopower, i.e., S(T) = SB(T) + cT. 
As a result we get a rough estimation of the parameters,  ∆ = -0.11 meV and Γ = 10 meV. It 
means that there should be a DOS peak just below the Fermi level.  It may be a tail of the 4f7/2 

peak of the Yb2+ spin-orbit split doublet, which seems to be confirmed by our previous X-ray 
photoemission spectroscopy studies [1].
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It has been shown that properties U2T2X (T – transition metal,  X – Sn, In) compounds, 
crystallizing with tetragonal Mo2FeB2 structure type (space group P4/mbm), can be tuned by 
interstitial H doping.  For example, non-magnetic U2Co2Sn, which is known as non-Fermi li-
quid  system  with  spin-fluctuation  features,  orders  magnetically  after  hydrogenation  [1]. 
Moreover, the type of magnetic order depends on the amount of hydrogen absorbed.  Whereas 
hydride with small content of hydrogen (<0.1 H/f.u.) is ferromagnetic, further hydrogenation 
leads to the onset of antiferromagnetic order, typical for other magnetically ordered non-hy-
drogenated U2T2X compounds.  U2Co2In is another non-magnetic representative of the U2T2X 
series.  Therefore we were particularly interested in the impact of hydrogenation on the mag-
netic properties of this compound. 

We already reported the formation of the U2Co2InH1.9 hydride [2,3].  The hydrogenation 
results in the lattice expansion by 8.4% without changing the metallic atoms arrangement. 
Such hydrogenation leads to a pronounced enhancement of magnetism.  Weakly paramagnetic 
U2Co2In turns to the Curie-Weiss behaviour (µeff = 1.6 µB/U) after hydrogenation.  A maxim-
um of magnetic susceptibility found at T = 2.4 K (Fig. 1A - inset) could be attributed either to 
antiferromagnetic ordering or to spin-fluctuations.  Magnetization curve at  T = 2 K showed 
the shape typical for antiferromagnet with a metamagnetic transition at 2 T (Fig. 1b).  The 
metamagnetic transition is shifted to the higher fields with the temperature increase, what 
may indicate, besides a band metamagnetism, a complicated character of its magnetic phase 
diagram, possibly with several magnetically ordered phases. 

Fig. 1  (a) Temperature dependences of the magnetic susceptibility of U2Co2In and U2Co2InH1.9 measured 
in the magnetic field µ0H = 3 T.  The magnetic susceptibility of the hydride sample after pressing is shown by 
open circles.  The anomaly at T = 180 K can be attributed to a small amount of UH3.  The inset shows the low-
temperature measurements in  µ0H = 1 T.  (b) Magnetization curves of U2Co2In and U2Co2InH1.9 measured at 
T = 2 K.  The solid line shows magnetization curve of U2Co2InH1.9 measured at T = 10 K.
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However, the specific heat, studied (after a delay of several weeks) on a pellet obtained 
by pressing in a hydraulic press, did not exhibit any anomaly related to the susceptibility 
maximum  at  T = 2.4 K.   Instead,  a pronounced  upturn  in  the  specific  heat  in  the  Cp/T 
representation appears  at  low temperatures  indicating on a heavy fermion behavior of the 
studied  hydride  (Fig. 2).   This  feature  strongly  resembles  the  one  already  observed  for 
U2Co2Sn [4] and, similar to U2Co2Sn, it is also suppressed by external magnetic field.  The 
curve can be well described assuming the 1–T 1/2 scaling, predicted for weakly interacting spin 
fluctuations.  The extrapolated γ-value reaches 244 mJ/mol K2.

Fig. 2.  Low-temperature part of the specific heat in the Cp/T representation of U2Co2InH1.9 
measured in µ0H = 0 T (empty dots) and 9 T (full dots).

The situation became more puzzling after the measurement of magnetic susceptibility of 
the pressed hydride sample, used before for the specific-heat measurement. We registered a 
suppression of the susceptibility values, and no anomaly at  T = 2.4 K showed up (Fig. 1a). 
Moreover,  the XRD pattern indicated a  reduction (∆V/V = 0.9%) of the lattice parameters 
proving, that the stoichiometry of the hydride changed. The reason can be a partial hydrogen 
release due to aging (experiments over several months) or due to the pressing procedure.

To  clarify  the  ambiguous  behaviour  of  the  U2Co2In  hydride,  another  synthesis  was 
performed under  the  same conditions  (PH2 = 100 bar,  T = 650˚C).  We succeeded to  obtain 
reproducibly  the  U2Co2InH1.9 hydride  (∆V/V = 8.5%).  In  order  to  perform  specific  heat 
measurements,  the  powder  was  compacted into  a  thin  pellet,  3  mm in  diameter,  using  a 
hydraulic press and an anvil cell with WC faces, reaching 700 MPa. The X-ray diffraction 
analyses of the pressed sample revealed the co-existence of at least two hydride phases with 
relative volume expansion 7.9% and 5.1%. The specific heat studies are currently in progress.

Although the U2Co2In–H study has not been yet concluded, the diversity of behaviour 
reflects the fact that small variations of the hydrogen content result in dramatic impact on 
magnetism in the critical region at the onset of magnetism.
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Up to  now,  a  very  large  number  of  experimental studies  have  been  reported on  the 
magnetic,  thermal  and  electrical  transport  properties  of  uranium  mononitride  UN  (for 
references, see Ref. 1).  It is known to crystallize in the face-centered cubic NaCl-type structure 
and order antiferromagnetically below  TN of  about 50–53 K in an antiferromagnetic type-I 
structure  with  a single-k spin  alignment  along  the  [100]  axis.   It  has  an  equal  domain 
distribution,  as  that  in  multi-k structure,  being not  so  much sensitive  to  applied  magnetic 
field [1].  Magnetic properties measurements performed at 1.3, 20 and 77 K in fields up to 35 T 
showed almost straight-line field dependence of the magnetization [2].  Nevertheless, many 
outstanding aspects of its behavior are still to be explained.

A fundamental  question  that  has  been  extensively  debated  is  weather  a localized 
or itinerant approach should be used to describe the magnetism of UN.  The U–U distance in 
the uranium mononitride, being of about 0.346 nm, is almost equal to the critical Hill value for 
the  onset  of  magnetism in  actinide  systems,  i.e.  0.34 nm.   The ratio of  the  ordered  and 
paramagnetic moments in UN, which was found to be about 0.28, lies far from well-defined 
limits calculated within the Russel–Saunders coupling model (usually equal to 0.80). Although 
UN exhibits  many features of the itinerant  antiferromagnetism, high value of the effective 
magnetic moment of 2.66 μB as well as pronounced crystal electric field contribution to the 
electrical resistivity of UN in the paramagnetic range [1] should be ascribed to the localized 
character of the 5f-electrons.  Recent high-resolution APRES study made on a UN crystal [3] 
reveals the dual (i.e. itinerant and localized) nature of the 5f-electron bands near the Fermi 
level.  Some partial localization (or mixed valence) has been also predicted on the basis of the 
4f core spectra [1].

In this paper we report on heat capacity measurements performed on a single crystal of UN 
selected from a batch of material obtained from Battelle Memorial Institute in Columbus, Ohio, 
USA.   The experiments were performed on a cube-shaped specimen with sample mass  of 
several milligrams, at temperatures ranging from 1.9 to 60 K, and in applied magnetic fields up 
to 9 T, using a commercial Quantum Design PPMS platform employing a thermal-relaxation 
method.

Fig. 1 presents the temperature variation of the non-phononic contribution to the specific 
heat  of  single-crystalline  UN,  ∆C (T ),  which  was  estimated by  subtraction  of  the  lattice 
contribution of its non-magnetic isostructural counterpart ThN [4] from the total specific heat 
of UN.  As seen, the antiferromagnetic ordering of UN manifests itself as a pronounced  λ-
shaped peak at  TN = 51.5 K.  At lower temperatures two other anomalies are visible in the 
∆C (T )  curve:  a very  weak hump at  about  42 K (found also in  the  dρ (T )/dT curve  [1]) 
and pronounced,  broadened  maximum located  at  T * = 15 K,  not  reported before  for  heat 
capacity of UN.  The results of extraction of the latter anomaly, made by subtraction of the 
conventional antiferromagnetic spin-wave contribution (∆C (T ) ~ T 3), is shown in the inset to 
Fig. 1. The entropy excess associated with the maximum at 15 K (see the inset to Fig. 1) was 
found to achieve at 30 K about 220 mJ/(mol K). It is worth noting that also thermopower and 
thermal conductivity  measured on the  same single  crystal  of  UN exhibit  some anomalies 
at temperatures close to T * [1].

The previous experiments carried out on polycrystalline UN showed a normal sigmate-like 
temperature dependence of the specific heat and the presence of an anomaly at about 52 K 
manifesting the antiferromagnetic ordering of the magnetic moments [5].  The analysis of low 
temperature  range  (between  1.3  and  4.6 K)  have  established  the  electronic  Sommerfeld 
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coefficient γ on 49.58 mJ/(mol K2) and the Debye temperature ΘD on 324(7) K.  No significant 
change due to the magnetic field applied up to 3.5 T was observed in either γ or ΘD [6].  The 
above  parameters  can  be  compared  with  our  values  of  44.35 mJ/mol  K2 and  313 K, 
respectively, in which we have neither observed any change upon applying the magnetic field 
as high as 9 T.

Fig. 1. Non-phononic contribution to the specific heat 
of single-crystalline UN as a function of temperature. 
Thick solid curve is a fit of the T 3-antiferromagnetic 

spin-wave contribution to the experimental data. 
Gray area indicates the entropy excess associated with 

the T * anomaly (for details see the inset).

Fig. 2. Field dependence of the Néel temperature for 
single crystalline UN with B parallel to the [100] axis.

In Fig. 2 the plot of TN as a function of external magnetic field B is displayed. Surprisingly, 
in the maximum field available in our experiments (i.e. 9 T) the change of the Néel temperature 
is less than 1 %. That slight fall-off in  TN  is not compatible with a huge change of  TN upon 
applying pressure [7], but the trend in the evolution of the Néel temperature (i.e. decrease) is 
retained in both cases.  Moreover, since it happens in some uranium compounds that pressure 
of only 3.5 GPa is enough to suppress completely the antiferromagnetic order, it seems to be 
natural that the influence of pressure on TN of UN is much larger than the respective magnetic 
field effect.

If the magnetic moments in the UN compound possessed an itinerant  nature, fields of the 
order  of 3.5 T  [6],  but  especially  that  of  9  T  [this  paper],  would  be  expected  to  have 
a considerably larger measurable influence on the magnetic heat capacity ∆C of UN at T ≤ TN. 

Hence, the dual character of the 5f electrons in UN (postulated in Ref. 1), exhibiting both the 
antiferromagnetism  (local  moment contribution)  and  spin  density  wave  (itinerant-moment 
contribution, probably slightly modulating the local moments), should be taken into account.
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Electric field gradients (EFG) are a sensitive probe of the local electronic structure of 
studied  atoms.   They  are  experimentally  approachable  by  means  of  nuclear  quadrupole 
resonance (NQR) experiments through the relation:

where e is the electron charge, h is the Planck constant, vz is the NQR frequency, Vzz is the EFG, 
Q and  I are  the nuclear  quadrupole moment and spin,  respectively.   Thus,  by monitoring 
changes  of  the  EFG with  e.g.  doping  or  pressure  and  comparing  to  results  of  ab  initio 
calculations, one can extract information about the behavior of f electrons.

We report calculations of the EFGs in pure 
and doped CeMIn5 (M = Co, Rh, and Ir) com-
pounds and compare with experiments.  The 
degree to which the Ce 4f electron is localized 
is  treated  within  various  models:  the  local 
density  approximation  (LDA),  generalized 
gradient approximation (GGA), GGA+U, and 
4f-core approaches.  We find that there is a cor-
relation  between  the  observed  EFG  and 
whether the 4f electron participates in the band 
formation  or  not.   Supercell  calculations 
provide  insight  into  satellite  frequencies 
observed in NQR experiments on doped com-
pounds, providing also information about the 
distribution of the impurity atoms in the unit 
cell, see Fig. 1.

We  calculated  the  EFGs  also  in  related 
PuMGa5 compounds.  The Pu atom was treated within the around mean-field LDA+U method, 
which seems to describe well the non-magnetic ground state of the PuMGa5 compounds [1]. 
We compare our results with known experimental data and discuss the tendency of f electrons 
to localization or itinerancy in the studied compounds and alloys.

Our results indicate that nuclear quadrupolar resonance with the support of first principles 
calculations is a sensitive probe of the f electronic structure [2].

This  work  has  been  performed  in  collaboration  with  A.B. Shick,  R.R. Urbano,  B.-L. Young, 
E.D. Bauer, L.D. Pham, J.L. Sarrao, S. Lebesgue and Z. Fisk.
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Fig. 1: Calculated NQR of CeRhIn5 with 2.5%
doping by Sn as a function of position

of impurity atom.
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Kondo insulators (KI) belong to the class of nonmagnetic semiconductors with the narrow-
est gap ∆ known or to semimetals, both with a heavy-fermion (HF) metallic state at the tem-
peratures T < ∆.  CeNiSn is known as semimetallic system [1].  Evidence for a small energy 
gap/pseudogap at the Fermi energy εF is inferred for CeNiSn from tunneling spectroscopy, re-
sistivity, specific heat, NMR, and inelastic neutron scattering studies. 

Recently, it was reported [2] that the formation of the Kondo-insulator gap is due to the 
presence of a collective spin-singlet Kondo state, which is singled out by the magnetic suscep-
tibility χ → 0 when lowering T, and activated behavior of the resistivity ρ.  In consequence, the 
universal scaling law χρ = const represents universal characteristic of these strongly correlated 
systems and complete definition of the Kondo semiconductor at the lowest temperatures from 
experimental point of view. The small gap/pseudogap insulator CeNiSn does not fit, however, 
into this class of KI. A very pure samples of CeNiSn exhibit rather a quasimetallic conductivity 
[1] than semiconducting behavior, and susceptibility increases when  T → 0 [3], whereas a 
small amount of impurities opens the gap in the densities of states [4].

The effect of doping in CeNiSn has been studied by measurements of electrical resistivity, 
magnetic susceptibility and specific heat for polycrystalline samples of CeNi1-xRhxSn. It was 
observed, that semimetallic CeNiSn transforms into a Kondo semiconductor upon the substi-
tution of ~2% of Rh for Ni. We showed that the narrow Kondo-insulator gap formation can be 
associated with f-electron localization induced by the disorder. The magnetic properties of the 
system gradually evolve from the spin-glass behavior observed for the concentration range 0 < 
x < 0.08 to the non-Fermi-liquid (NFL) state, when the Rh doping increases. Our magnetic and 
specific-heat  measurements for  the  CeNi1-xRhxSn system with  x  <  0.4  can  be  adequately 
interpreted in terms of a disorder-induced Griffiths phase model. The transition from Kondo-
insulator region to metallic one is discussed as a function of variable valence-electron number 
induced by substitution of Rh for Ni and of the accompying effect of the change of hybridiza-
tion energy V on the base of Doradziński and Spałek theoretical diagram [5]. The detailed in-
vestigations of magnetic properties with decreasing Rh concentration suggest for the concen-
tration region x < 0.08 an interplay between the spin-glass and NFL ground states. On the basis 
of the experimental results we propose a schematic phase diagram on the T-x plane demonstrate 
the rationale for the existence of quantum critical point at xc ≈ 0.08 (in Fig. 1).

CeNiSn is discussed as a semimetal with pseudogap of about 2 K at the Fermi level.  It was 
found that the Rh impurities open this Kondo-insulator gap in CeNiSn.  If the impurity effect is 
considered, than the scaling  χρ = const  characteristic for the Kondo insulator state can be 
obtained too for CeNiSn.
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Fig. 1  Schematic phase diagram for CeNi1-xRhxSn system.  Temperature ∆ is obtained from the fit of expression ρ 
= ρ0exp(∆/T) to the resistivity data in the KI regime.  TSG is a temperature of the maximum in the ac susceptibility 
data, and Tcoh is considered as Tmax in the ∆ρ(T) data (resistivity ρ(T) was subtracted by the resistivity for LaNiSn 
reference sample to extract phonon part from the ρ-data)
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The 1:2:2 uranium intermetallic compounds with ThCr2Si2-type crystal structure have drawn 
much attention after the discovery of their interesting magnetic properties.

This work reports the results of magnetic properties investigations carried out for UCo2Si2 

and UCu2Ge2 in high magnetic field.  These compounds have different magnetic properties. 
UCo2Si2 is a collinear antiferromagnet of the AFI-type below the Néel temperature equal 85 K. 
The U moments of 1.42 μB at 4.2 K point along the tetragonal axis [1].  UCu2Ge2 have complex 
magnetic properties.  Neutron diffraction data indicate the AFII-type antiferromag-netism at 
4.2 K which, at 40 K transforms into a collinear ferromagnetism finally vanishing at 105 K.  In 
both magnetic phases the magnetic moments are parallel to the tetragonal axis [1].

The samples reported in Ref. [1] were used.  The high-field magnetization measurements 
were carried out at the high Magnetic Field Laboratory, Grenoble, in a continuous magnetic 
field up to 190 kOe and in the temperature range 4.2–90 K.  The apparatus, based on the exci-
tation method, is described in Ref. [2].  The magnetization curves of UCo2Si2 and UCu2Ge2 at 
different temperatures are shown in Fig. 1.  For UCo2Si2 the magnetization is a linear function 
of the magnetic field temperature range 4.2 and 90 K confirm antiferro- up to 77 K and the 
paramagnetic state at 90 K.  Different magnetization curves are observed for RCu2Ge2.   At 
4.2 K at 10 Oe the magnetic moment is equal to 0.5 μB.  With increasing magnetic field a sharp 
increase  in  the  value  of  magnetic moments  is  observed.   Above  80 kOe the  increase  of 
magnetization is linear.  Similar dependence is observed at 27 K.  At 45, 50, 60 and 77 K the 
magnetization is a linear function of the external field.  The field dependences at 4.2 and 27 K 
show two important effects: a residual remanence and a non-linear field dependence. 

The first effect indicates a ferromagnetic behavior in an antiferromagnet and is sometimes 
called parasitic ferromagnetism.  This is in good agreement with the neutron diffraction data [1] 
which  indicate  existence  small  ferromagnetic  contributions  to  the  intensity  of  the  (110) 
reflection at  4.2 K.   Possible  explanation  of  its  origin  includes deviations  from a unique 
antiferromagnetic axis (which allows a weak alignment perpendicular to the common axis). 

The non-linear behavior is not unexpected and most probably reflects a field-induced spin 
flip as the external field overcomes the local fields.  The values of the magnetic moment at 
H = 190 K is smaller than that determined from the neutron diffraction [1] (see Fig. 2) and 
magnetic data at 25 K [3].  These results confirm previous predictions.

Summary: Data presented in the work confirm that:
● UCo2Si2 is a collinear antiferromagnet with large anisotropy,
● in  UCu2Ge2 a  temperatures  coexist  ferromagnetic  and  antiferromagnetic  order  at  low  and 

change to a ferromagnetic one with increasing temperature.
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Fig. 1. Magnetization vs. magnetic field at different temperatures for (a) UCo2Si2 and (b) Ucu2Ge2.

Fig. 2. Temperature dependence of magnetization at 0.01 and 190 kOe. The data are compared with the 
neutron diffraction data from Ref. [1] and magnetic data at H = 25 kOe from Ref. [3].
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We have studied two representatives of the  RTAl4 series (R – rare earth,  T – transition 
metal), namely the compounds CeCoAl4 and CeNiAl4. The samples were prepared by induction 
melting the stoichiometric amounts of the constituent elements in a water-cooled boat under 
argon atmosphere. 

CeCoAl4 has the orthorhombic LaCoAl4-type of structure, space group Pmma.  It exhibits 
an antiferromagnetic type of order [1-3] with the Néel temperature equal to 13 K.  The onset of 
the ordered state is well visible in measurements of the electrical resistivity and ac magnetic 
susceptibility (Fig. 1).  For this compound we have carried out neutron diffraction experiment 
at the E6 diffractometer of the Hahn-Meitner-Institut, Berlin. Our initial analysis of the neutron 
diffraction spectra (Fig. 2) indicates a complicated incommensurate antiferromagnetic ordering. 
The patterns shown in Fig. 2 reveal the appearance of two magnetic reflections upon lowering 
the temperature from 20 K down to 2 K.  The initial analysis with FULLPROF enables rough 
refinement assuming two propagation vectors: (0.286, 0.353, 0.424) and (0.114, 0.886, 0.608). 
The so-determined cerium magnetic moment is about 0.79 µB, i.e. it is reduced compared to the 
theoretical  value  of  2.14 µB.   This  reduction  is  presumably mainly  due  to  crystal  field 
interactions.

Fig. 1. Electrical resistivity of CeCoAl4. Lower inset: the 
derivative of the resistivity. Upper inset: ac magnetic 
susceptibility.

Fig.2. Low angle part of the neutron diffraction 
pattern of CeCoAl4 at 40 K and 2 K. The latter 
pattern is refined to estimate the magnetic 
propagation vectors.

The other compound studied,  i.e.  CeNiAl4,  crystallizes in the  orthorhombic YNiAl4-type 
structure, space group P6/mmm.  It was reported to exhibit properties typical of dense Kondo or 
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heavy fermion systems [4–6].  We have employed a variety of experimental techniques to study 
the properties of this compound, namely magnetic susceptibility, electrical resistivity, specific 
heat,  thermoelectric  power  and  X-ray  photoemission  spectroscopy  measurements.  Fig. 3 
displays the reciprocal susceptibility of CeNiAl4  .  It follows, above about 30 K, the Curie–
Weiss  law with  the  effective magnetic  moment  µeff = 2.45 µB and  the  paramagnetic Curie 
temperature θp = –66 K.  The experimental value of µeff is close to a free Ce3+ ion value (2.54 µ
B), and thus indicates a rather high degree of localization of the 4f electrons.  The negative sign 
of  θp points to the presence of antiferromagnetic exchange interactions and/or Kondo effect. 
The Kondo temperature TK is roughly estimated as TK = |θP/4| = 16 K.  The deviation of χ -1(T) 
from a straight-line behavior, observed below 30 K, manifests probably the crystal electric-field 
effect.  Contrary to the CeCoAl4 compound, no transition to any magnetically ordered state is 
observed down to 1.7 K.

Fig. 3. Magnetic susceptibility  χ--1(T) of  the CeNiAl4 

compound fitted with the Curie-Weiss law (solid line).

Fig. 4.  Cp/T vs.  T 2.  The  electronic  specific  heat 
coefficient γ is indicated in the curve minimum and for 
the extrapolation to T = 0 K.

In  summary,  the  two  compounds  studied show antiferromagnetic correlations,  but  only 
CeCoAl4 exhibits a transition to the magnetically ordered state. CeNiAl4 shows heavy fermion 
properties with TK of about 15 K.  The transition elements, i.e. Ni and Co, seem to play a minor 
role in the magnetic properties of these compounds.
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Magnetization and longitudinal magnetoresistance data of single-crystal samples of two 
compositions: stoichiometric compound U3P4 and its solid solution U3(P,As)4 (with As:P ratio 
close to 1) were collected at IFW-Dresden High-Magnetic Field Laboratory.  Measurements 
were carried on in pulsed magnetic  fields with strength up to 47 T,  and in wide range of 
temperatures, from 4 K up to few tens of Kelvins above Curie temperatures (being 135 K and 
150 K for both compositions, respectively).  In all measurements the field was applied in hard 
magnetic direction [100] (whereas the easy one is [111] for both compositions). 

We expected to observe a sharp magnetic-moment-reorientation transition analogous to that 
found previously for U3As4 compound and characterized by a critical field Bc of about 20 T at 
the temperature of 4.2 K, and continuous decrease of that critical field down to about 15 T 
above 100 K [1].  Earlier the U3P4 was investigated in fields up to 50 T, but no transition was 
found neither at 4.2 K nor at 80 K [2]. 

Theory predicts a magnetocrystalline anisotropy in U3P4 stronger by factor of 5/3 than that 
in U3As4 [3].  On the other hand a study of pressure effect on the critical field for U3As4  shows 
that  Bc increases linearly with applied pressure (by about 7.6 T/GPa) [4].  Extrapolation of 
these data (assuming linear compressibility and using a compressibility coefficient for U3As4) 
yields for U3P4 a prediction of  Bc  ≈80 T at 4.2K, however for a U3(P0.5As0.5)4 solid solution it 
should be reduced to ≈50 T.  Increasing temperature should further decrease Bc values, making 
the reorientation transition accessible to an experiment at IFW.

a     b

Fig. 1.  Magnetization of U 3(P,As)4 (a) and U3(P,As)4 (b) in magnetic field along [100].

Our magnetization experiments showed no  trace  of a  transition either  for U3P4 or  for 
U3(P,As)4 and data look quantitatively similar (compare Figs 1 a and b).  On the other hand, 
longitudinal magnetoresistance is remarkably different for both compositions (Fig. 2).  First it 
has opposite signs, and moreover strongly nonlinear form of MR(B) curves for U3(P,As)4 is 
strikingly dissimilar to these for U3P4.  Onset of the above mentioned transition can be held 
responsible for broad maxima observed in MR(B) curves for U3(P,As)4.  The values of magnetic 
field strength corresponding to these maxima clearly follow a linear dependence on temperature 
(Fig. 3).  One can assume that such a bending of MR(B) curves is due to the deformation of 
magnetic  structure  U3(P,As)4 in  high  magnetic  field.   Lack  of  corresponding  features  in 
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magnetization curve for U3(P,As)4 is probably caused by a slight misorientation of the magnetic 
field direction and the hard-magnetic direction of the sample. 

a       b

Fig. 2.  Longitudinal magnetoresistance (MR) of U3P4 (a) and U3(P,As)4 (b) for field and current along [100]. 

Fig. 3.  Temperature dependence of magnetic field strength corresponding to maxima in MR shown in Fig. 2. 

Our  results  indicate  that  the  giant  magnetic anisotropy of  U3P4 persists  to  U3(P,As)4 

composition and most probably decreases rather abruptly in the composition range somewhere 
between U3As4 and U3(P,As)4 which made possible an observation of the transition for pure 
U3As4.   In spite of lack of a sharp transition in the field/temperature range covered by our 
investigation,  very  interesting  behavior of  both  magnetisation  and magneto-resistance  was 
observed for both compositions.  They are the first ever carried for U3(P,As)4 composition, and 
for U3P4 they complement earlier low-temperature measurements. 
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The  electronic  properties  of  light  actinides  within  density  functional  pseudopotential 
method were studied recently [1–3].  Norm-conserving pseudopotentials have been generated 
for actinium and thorium and plane wave pseudopotentials formalism has been used to study 
their  electronic  and crystal  properties.   Equilibrium lattice  constant,  bulk  modulus,  Fermi 
surface  and  density  of  states  were  determined  by  using  the  Quantum-Espresso  ab  initio 
simulation package [4] for both actinides.  We have analyzed electronic and crystal properties 
of selected rocksalt structure thorium compounds (ThX, X = C, P, S, As, Se, Sb).  Equilibrium 
lattice constant, bulk modulus and density of states were determined for those compounds. 
Local density approximation (LDA) within scalar relativistic approach has been used.  Spin-
orbit  coupling  have  not  been  taken  into  account.   The  calculations  were  performed  on 
12×12×12 k-point  mesh,  however  in the calculations of density of states 16×16×16 k-point 
mesh was used.  Bulk moduli have been exact from Murnaghan equation of state.

Table 1.  Calculated and measured equilibrium lattice constants 
and bulk moduli for selected thorium compounds.

Theory Experiment [5]

a [a.u.] B [GPa] a [a.u.] B [GPa]

ThC 10.53 151   10.08 109

ThP 11.42 114.8 10.99 137

ThS 11.31 107.7 10.74 145

ThAs 11.7    99.2 11.28 118

ThSe 11.71   97.8 11.10 125

ThSb 12.30 78  11.94   84

Fig. 1.  Fermi surface of thorium.
References

[1]  Ch. J. Pickard et al., Phys. Rev. Lett. 85, 5122 (2000). 

130



S-41

[2]  N. Richard et al., Phys. Rev. B 66, 235112 (2002). 
[3]  J. Bouchet et al., Phys. Rev. B 74, 134304 (2006). 
[4]  S. Baroni, A. Dal Corso, S. de Gironcoli, P. Giannozzi et al.,  www.pwscf.org 
[5]  U. Benedict, J. Alloy. Compd. 223, 216 (1995)

131

http://www.pwscf.org/


S-43

LDA+U  Study of the Electronic Structure and Spectral Properties 
of  Uranium Oxides with Highly Oxidized Uranium

Michi-To Suzuki, Younsuk Yun and Peter M. Oppeneer

Department of Physics and Materials Science, Uppsala University, 
SE-751 21 Uppsala, Sweden

 
   Uranium oxide compounds are classified according to the uranium oxidation state and the 
crystal structure.  Uranium dioxide (UO2) with simple fcc CaF2 structure is the most studied 
actinide compound.  Conversely, the electronic characters of uranium oxide compounds with 
highly oxidized uranium are hardly known until now.  Process has recently been made in con-
trolling the uranium oxidation state in these oxides [1].  Also,  the recently observed X-ray 
spectra of UO2, U3O8 and UO3 show differences in the spectral shapes [2].

It has been known that the conventional approximations to calculate the electronic structure 
like the local spin density approximation (LSDA) and general gradient approximation (GGA) 
fail to provide the insulating magnetic state in UO2, and proper inclusion of a strong on-site 
Coulomb interaction, like done in the LSDA+U method, improves these results for UO2 to a 
magnetic insulator.

We have studied the electronic structures of various uranium oxides including the com-
pounds with complicated crystal structure like U3O8  by electronic structure calculations based 
on a relativistic L(S)DA+U method (Fig. 1). We discuss the detailed electronic structure and 
the spectral properties of these compounds.

Fig. 1.  Band structure of α-U3O8 calculated by FLAPW+ LDA+U (U = 0.17 Ry, J = 0.04 Ry) method 
including the spin-orbit interaction..
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The UCoAs2 compound crystallizes in the tetragonal  HfCuSi2 type structure with space 
group  P4/nmm [1].   The  compound orders  ferromagnetically at  150 K  with  spontaneous 
magnetic moment of  about  1.8  µB  per  formula.  The UCoAs2 exhibits  a  giant  magnetic 
anisotropy alike in ordered and paramagnetic region,  which has been interpreted as  being 
caused predominantly by strong f-d hybridization and pronounced crystal field effect [1]. 

An interesting problem is  the magnetic  behavior  of  the  Co atoms.   In  most ternary 
uranium compounds containing  the  transition  metal  atoms only  the  uranium atoms carry 
magnetic moments [2].  However, like for example in UCo2-xP2 [3,4] and UCo2-xSn2 [5], also the 
Co atoms have  contribution  to  magnetization.   Above named  compounds  are  structurally 
closely related to UCoAs2.

We present results of  band structure calculations based on the Full-Potential Local-Orbital 
Minimum-Basis Scheme (FPLO: version 5.00-18, fully relativistic calculations) [6].  The calcu-
lations were carried out for the experimental lattice constants  a = 3.9614 Å,  c = 9.149 Å [1]. 
The reciprocal space mesh contained 726 k points within the irreducible wedge of the Brillouin 
zone.  The exchange and correlation potential in the local spin density approximation (LSDA) 
was taken in the form proposed by Perdew and Wang [7].  Calculated magnetic moments have 
the following values: for U: 0.55 μB, and for Co: 1.10 μB.  Details are collected in the table be-
low.

Fig. 1 Crystallographic structure and DOS plots for UCoAs2 compound.
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Table 1  Local and total magnetic moments for UCoAs2 compound.
  

No Atom (position)
Orbital 

mag. mom. [μB]
Spin 

mag. mom. [μB]
Total 

mag. mom. [μB]

1 U (2c) 1.675 -1.121 0.554

2 Co (2b) 0.157 0.946 1.103

3 As (2a) 0.006 0.026 0.032

4 As (2c) -0.005 0.095 0.090

total / formula 1.833 -0.054 1.779

     Calculated magnetic moment per formula unit is in very good agreement with 
measurement.   The value of  density of  states at  the Fermi  level  is  equal  to  3.34 
states/(eV f.u.), which corresponds to the Sommerfeld coefficient γ=7.86 mJ/(mol K2). 
The uranium and the cobalt atoms provide correspondingly about 86% and 11% of the 
total value.
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The ternary uranium diantimonides UT Sb2 (T = transition metal) crystallize in a tetragonal 
structure of the HfCuSi2-type (space group P4/nmm), which can be described as a filled USb2 

structure [1].  In the filled structure one plane of transition metal atoms intercalate into the unit 
cell.  This leads to a stacking arrangement of USb–T–USb–Sb layers.  A unique elongation of 
the unit cell along the tetragonal [001] direction in this kind of compounds can lead to the 
formation of the quasi-two-dimensional (QTD) electronic state.

Most of UTSb2 compounds have been found to order magnetically at low temperatures and 
characterized  as  semimetallic  Kondo  lattices  with  strongly  screened  uranium  magnetic 
moments [2,3].  They present an interesting evolution in the magnetic properties.  Ranging 
from a paramagnetic (UFeSb2), antiferromagnetic (T = Ru, Ni and Pd) to a ferromagnetic (T = 
Cu, Ag and Au) ordering [2,3].  Up to now only the 121Sb Mössbauer data exist which allowed 
to establish the magnetic structure of UNiSb2 to be of AFII type, with the magnetic moments 
pointing along the tetragonal  c axis and forming the (+  –  +) sequence of ferromagnetically 
coupled (001) planes [3].  All these published data were obtained on poly-crystalline samples. 
Recently single crystals for compounds with  T = Co, Ni, Cu and Au have been grown in 
Wrocław from an Sb flux and some better structural, magnetic and transport characterization 
determinations for this series of compounds could be done [4–8].

The  results  of  the  EDX analysis  and  the  crystal  structure refinements  revealed  some 
significant  deficiency on the  transition metal sites  in  the  unit  cell,  yielding,  for  example, 
UNi0.5Sb2.  This finding makes them somehow different in respect to corresponding stoichio-
metric poly-crystalline samples [2,3].  As a result of some irregularities in the coordination 
sphere of magnetic atoms caused by so strong deviation from stoichiometry, e.g. the Néel tem-
perature of the Ni-containing compound turned out to be much lower than that determined for 
the nominally stoichiometric poly-crystalline material (161.5 vs 175 K) [4]. 

In this paper we present results of XPS measurements and ab-initio band structure calcu-
lations. 

The band structure calculations were performed based on the Full-Potential Local-Orbital 
Minimum-Basis Scheme (FPLO: version 5.10-20, fully relativistic calculations) [9].  The cal-
culations were carried out at the experimental lattice constants a = 4.319 Å, c = 9.015 Å [4]. 
The reciprocal space mesh contained 726 k points within the irreducible wedge of the Brillouin 
zone.  The exchange and correlation potential in the local spin density approximation (LSDA) 
was taken in the form proposed by Perdew and Wang [10].  To reproduce magnetic cell, the 
crystallographic one was doubled along c axis and then the spin polarized calculations were 
performed.  In the upper part of the magnetic cell the Ni positions were replaced by empty 
spheres to get experimental stoichiometry UNi0.5Sb2.  The calculations without spin polarization 
were performed to reproduce experimental XPS spectra, which were obtained at room temper-
ature, above TN.
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(a)                                         (b)

Fig. 1 a: magnetic cell (E-denotes empty spheres); b: DOS plots (total, and for uranium atoms); 
c: experimental XPS spectrum of valence band.
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