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ABSTRACT
Polycrystals of hexagonalδ-phaseUZr2 havebeen synthesised
and studied by means of heat capacity, magnetic
susceptibility, magnetisation, electrical resistivity,
magnetoresistance, thermoelectric power, thermal
conductivity measurements, for the first time, at
temperatures from 1.8 to 300 K and in magnetic fields up to
8 T. The weak temperature dependence of the magnetic
susceptibility and the small value of both Seebeck (0.75 μV/K
at room temperature) and of the Sommerfeld coefficient
(13.5 mJ mol−1 K−2) point to 5f-electrons in this material
having a delocalised nature. The electrical resistivity and
magnetoresistance indicate the presence of significant
electronic disorder in δ-UZr2, consistent with the disorder in
its crystal structure. Density functional theory calculations
have been performed and compared to experimental results.
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1. Introduction

Actinide systems show a large variety of exotic behaviour coming from 5f-
ligand hybridisation. Depending on the strength of this process, unusual behav-
iour has been observed in both actinide metals and alloys [1–5]. The binary UX2

system in particular is an interesting playground for exploring behaviour orig-
inating from the dual nature of 5f-electrons and a focus area for search for new
electronic phenomena in actinide materials. As shown in Figure 1, the proper-
ties of these materials vary from correlated magnetism, via spin fluctuations, to
unconventional superconductivity. For example, USb2 shows both itinerant
and localised characters of 5f-electrons [6] with an antiferromagnetic (AFM)
ordering below TN = 203 K [7, 8], while UAl2 exhibits delocalised 5f-states
and spin fluctuations [9]. More recently, Ran et al. reported the discovery of
spin-triplet superconductivity in UTe2, featuring a transition temperature of
1.6 K and a very large and anisotropic upper critical field exceeding 40 T
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[10]. For δ-UZr2, despite some information in the literature on its crystal struc-
ture and phase transformations [11–13], its electronic, transport, and magnetic
properties are mostly unknown.

Recently, there has been a renewed interest in the U-Zr system due to its
technological importance as a promising metallic nuclear fuel. The intermedi-
ate δ phase is formed on cooling from the high temperature γ phase. Akabori
et al. determined the homogeneity range of the δ phase, which is 64.2–78.2 at
.% Zr at 600◦C and 66.5–80.2 at .% Zr at 550◦C [11]. In the uranium-rich
range of the U-Zr phase diagram, transmission electron microscopy (TEM)
studies also reveal the coexistence of the α and δ phases with an alternating
lamellar structure [14]. The δ phase has hexagonal structure with the lattice par-
ameters a = 5.034 Å and c = 3.094 Å [12]. According to high-resolution
neutron diffraction measurements [15] and density-functional calculations
[16], the corner (0, 0, 0) sites are occupied solely by the Zr atoms, whereas
the two inner positions at (23,

1
3,

1
2) and (13,

2
3,

1
2) are randomly shared by U and

Zr atoms, characteristic of disordered structures.
In this paper, we focus on the physical properties of δ-UZr2, for the first time,

measured from 1.8 to 300 K and under magnetic fields up to 8 T. We show that
all results obtained strongly point to the presence of delocalised 5f-electrons in
this material. Furthermore, the transport properties show characteristics typical
of disordered metallic systems. We also performed electronic structure calcu-
lations and compare the results to experimental measurements.

2. Experimental details

Polycrystalline samples with nominal compositions δ-UZr2 were synthesised by
arc melting stoichiometric amounts of the elements in a Zr-gettered ultra-pure

Figure 1. (Colour online) Summary of magnetic properties, crystal structures, and magnetic
ordering temperatures of UX2 system. Colour 45% blue is used to mark ferromagnetic ordering,
55% yellow for AFM order, 65% teal for superconductivity, 65% red for spin fluctuation and 50%
gray for paramagnetism. It is worth noting that in the case of UAu2 a serious controversy about
its magnetic properties still remains [25].
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argon atmosphere [36]. The samples were examined by TEM and x-ray diffrac-
tion measurements. The crystal structure is shown to be hexagonal with the
AlB2 structure type, S.G. P6/mmm with the lattice parameters a = 5.036 Å
and c = 3.094 Å. The values of the lattice parameters are very close to those
derived previously [12]. Also, no other diffraction peaks than expected for
AlB2 of the structure were observed. Magnetisation, resistivity, heat capacity,
Seebeck effect and thermal conductivity measurements have been performed
using a Quantum Design PPMS DynaCool-9 system equipped with a 9 T super-
conducting magnet with VSM, ETO, HCP and TTO options. Density Func-
tional Theory (DFT) calculations within the Local Density Approximation
(LDA) [37] were performed using the Projector Augmented Wave (PAW)
method [38, 39], as implemented in the VASP code [40–43]. A plane wave
basis with a kinetic energy cutoff of 520 eV was employed. We used a Γ-
centred k-point mesh of 20×20×20. The crystal structure was relaxed, yielding

lattice parameters of a1 = (a, 0, 0), a2 = (− a
2
,

��
3

√
a

2
, 0) and a3 = (0, 0, c),

where a = 5.12036 Å, c = 2.78937 Å.

3. Results and discussion

The temperature dependence of the heat capacity Cp(T) of δ-UZr2 measured
from 1.8 to 270 K is shown in Figure 2a. At 270 K, the value of Cp is close to
77.5 J mol−1 K−1. This value is slightly higher than the theoretical Dulong–
Petit limit 3nR = 74.8 J mol−1 K−1, where n is the number of atoms per
formula unit (f.u.) and R is the gas constant. The inset shows the low-tempera-
ture heat capacity plotted as Cp/T vs. T2. The red line is a fit of Cp = gT + bT3,
where γ is the Sommerfeld coefficient that is proportional to the electronic
density of states (DOS), and β is a term related to the Debye temperature. A
small deviation from the fit occurs below 4 K, which might indicate the pres-
ence of some additional low-energy excitations. The γ value obtained from
the fit is 13.5 mJ mol−1 K−2. An estimation of the electronic heat capacity
(Cel = gT) at 270 K gives 3.6 J mol−1 K−1, which is close to the deviation 2.7
J mol−1 K−1 observed at 270 K. This indicates that the 5f-electrons in the δ
phase are only weakly correlated. The electronic DOS at the Fermi energy EF
calculated by expression N(EF) = 3g

p2k2BNA
is about 5.7 states/(eV f.u.), where kB

is the Boltzmann constant and NA represents the Avogadro number. The
Debye temperature of δ-UZr2 can be derived by the formula QD = ( 12nRp

4

5b )
1
3

and equals to 225 K.
Figure 2b shows the temperature dependence of the magnetic susceptibility

x(T) of δ-UZr2, measured from 5 to 300 K in magnetic field of 5 T. The x(T)
shows a weak temperature dependence with no sign of magnetic phase tran-
sitions. Below 25 K an upturn is present, presumably due to the existence of
very small amounts of paramagnetic impurities in the samples (most probably

PHILOSOPHICAL MAGAZINE LETTERS 3



lanthanides), which follows the Curie–Weiss law. For comparison (marked by
orange circles), we have also included the temperature dependence of the mag-
netic susceptibility xP(T) of an α-U single crystal along [100] (extracted from
Ref. [44]). As can be seen, the magnetic susceptibility of α-U is of the Pauli-
type, which shows a very little temperature dependence with a small decrease
as the temperature decreases across the whole temperature range. Ross and
Lam suggested that the change of xP(T) might be due to changes in the relative
positions of the Brillouin zones and the Fermi surface as the sample contracts
anisotropically with decreasing temperature [44]. The overall magnitude and
temperature dependence of the magnetic susceptibility of δ-UZr2 is similar to

Figure 2. (Colour online) (a) Temperature dependence of heat capacity of δ-UZr2 from 1.8 to
270 K. The dashed line is the Dulong–Petit limit. Inset shows Cp/T versus T2 below 7 K, red line
is a linear fit. (b) Temperature dependence of magnetic susceptibility measured at m0H = 5 T
and in temperature range 5–300 K. Orange circles represent the xP(T) of α-U single crystal
measured along [100], data taken from Ref. [44]. Inset: Magnetic field dependence of magne-
tisation at T = 2 K. Blue dashed line shows calculated zero-temperature Pauli magnetisation.
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that of α-U metal. In addition, the magnetic susceptibility of δ-UZr2 is larger
than that of α-U. This might indicate the presence of a slightly larger DOS in
δ-UZr2 than in α-U. The inset displays the magnetic field dependence of
the magnetisation M(H) measured at 2 K. The magnetic moment induced at
8 T is only ∼ 0.01 mB, suggesting delocalised 5f-electrons. Taking into
account N(EF) obtained above and using the free electron Fermi gas model,
the zero-temperature Pauli magnetisation could be calculated with
MP(H) = m2

BN(EF)m0H, where m0 is the vacuum permeability. As displayed
by the blue dashed line, the so-obtained MP(H) is compared to the measured
magnetisation of δ-UZr2. The underestimation of MP(H) might be related to
the presence of the small amount of paramagnetic impurities that are not
taken into account in this analysis.

The temperature dependence of the electrical resistivity r(T) of δ-UZr2 is
shown in Figure 3a. The overall shape and magnitude of r(T) is typical for
uranium intermetallic compounds [22, 45]. The residual-resistivity ratio
(RRR), defined as r(300K)/r(0K) is low and estimated to be ∼1.05. This indi-
cates that δ-UZr2 is an electronically disordered system, consistent
with the disorder in its crystal structure. In general, the low-temperature electron
scattering on defects and dislocations results in just a shift in the electrical resis-
tivity towards higher value and hence lowering the RRR value. It will not,
however, affect the temperature dependence of resistivity. Besides the s-shaped
r(T) [22], there is an upturn at low temperatures with the resistivity
minimum at 15 K. The low-temperature resistivity upturn, observed in 4f- and
5f-electron materials is usually associated with Kondo effect [46, 47]. However,
in δ-UZr2, this seems to be unlikely because the magnetic susceptibility shows
no signatures of localised 5f-electrons and the magnetoresistance (MR) is
small and positive (see below). Interestingly, the low-temperature resistivity
upturn and positive MR have also been observed in ThAsSe [48] and M-As-Se
(M = Zr, Hf, Th) phases [49]. Such behaviour has been interpreted as a signature
of the non-magnetic Kondo effect. However, to draw any firm conclusions on the
nature of the low temperature behaviour in this material, more studies are
required. The inset of Figure 3a shows the magnetic field dependence of MR,
defined as Dr/r0 = (r(H)− r0)/r0, where r0 is the resistivity under zero mag-
netic field. The value ofMR exhibits a very weak field dependence and, at 2 K and
8 T, it reaches only 0.2%. The red line is a fit ofDr/r0 = AHb to the experimental
data, where A and b are fitting parameters. The analysis gives b = 1.2 which is
smaller than the value of 2 that is observed in normal metals.

Figure 3b shows the temperature dependence of the Seebeck coefficient S(T).
The overall behaviour and magnitude of S(T) is characteristic of metallic
materials. The positive value of the Seebeck coefficient might indicate that
hole-type carriers dominate the electrical and heat transport. In addition,
assuming a single-band model and scattering from atomic disorder being domi-
nant at high temperatures, the Fermi energy can be approximated by
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Figure 3. (Color online) Transport properties of δ-UZr2. (a) Temperature dependence of resis-
tivity. Inset shows field dependence of MR at 2 K. Red line shows H1.2 behaviour. (b) Tempera-
ture dependence of Seebeck effect from 5 to 300 K. (c) Temperature dependence of thermal
conductivity from 5 to 300 K. Black solid line is calculated electron contribution kel , while
black dashed line shows subtracted phonon part k ph. Blue dashed line shows estimated
minimum phonon contribution to total thermal conductivity.
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EF = k2Bp
2T

3eS . This gives a value of EF = 9.78 eV being similar to those character-
ising simple metals [50]. The estimated effective carrier concentration is of the
order of 1028 m−3.

The thermal conductivity measured at room temperature is 5Wm−1 K−1, as
shown in Figure 3c. In intermetallic samples, the thermal conductivity κ is the
sum of electron and phonon contributions: k = kel + k ph. The solid line shows
the temperature dependence of the thermal conductivity of electrons, which is
calculated by the formula kel(T) = LT/r(T), where L is the Lorentz number.
After subtraction, the temperature dependence of the phonon contribution is
shown as the dotted line. In the context of the presence of the atomic disorder
in δ-UZr2 and its impact on the thermal transport, it is worthwhile to compare
the measured lattice thermal conductivity to the theoretically achievable
minimum of the phonon contribution to the total thermal conductivity. If no
distinction is made between the transverse and longitudinal acoustic phonon
modes, the latter may be expressed by [51]

kmin(T) = 3nv
4p

( )1
3(kBT)

2

ħQD

∫QD
T

0

x3ex

ex − 1( )2 dx, (1)

where x = ħv/kBT. In the above equation, ω is the phonon frequency, nv is the
number of atoms per unit volume, and ħ is the reduced Planck constant,
respectively. By taking into account QD = 225 K and nv = 4.4× 1028 m−3

appropriate for δ-UZr2, the obtained kmin(T) curve is shown in Figure 3c.
In order to gain insight into the electronic structure, we perform baseline

calculations using DFT within LDA. Since the electronic correlations are not
very strong in δ-UZr2 (as indicated by the relatively low value of
the Sommerfeld coefficient), this approach should give us an overall
picture of the electronic structure in this material. We first note that DFT
predicts a magnetic instability, in contradiction with experiments. The pres-
ence of magnetism within DFT suggests that local correlations will be rel-
evant, and a detailed exploration of this is beyond our current scope. We
restrict ourselves to the non-spin-polarised state and characterise the elec-
tronic structure at this level. DFT results for the 5f-projected electronic
band structure and DOS are provided in Figure 4, where the width of the
red points denotes the degree of 5f-projection of the Kohn–Sham Eigenvec-
tor. The relatively flat f-bands lead to large peaks in the DOS, one of which is
nearly at the Fermi energy. The total DOS at the Fermi energy is approxi-
mately 12.3 states/(eV f.u.), larger than the experimental value of 5.7
states/(eV f.u.), though allowing magnetism and/or disorder would greatly
reduce this value. This key comparison between experimental and theoretical
results point to future work, using more sophisticated analysis such as DFT
+ DMFT (together with disorder effects), to properly capture the nonmag-
netic, metallic state in this system.
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4. Conclusion

In summary, we report on the magnetic, transport and thermal properties of the
δ-phase UZr2, for the first time, measured from 1.8 to 300 K and under mag-
netic fields up to 8 T. All the results obtained, especially a Pauli type of magnetic
susceptibility, small Seebeck and Sommerfeld coefficient strongly point to the
presence of delocalised 5f-electrons in this material. Transport properties,
especially the small RRR value, are indicative of electronic disorder in this met-
allic system, consistent with its disordered crystal structure. We also perform
electronic structure calculations and compare the results to experimentally
obtain for the total DOS at the Fermi energy. Although the calculations
support the presence of the delocalised 5f states in δ-UZr2, some discrepancies
exist, mainly due to the effects of strong electronic correlations that are not
sufficiently captured by the LDA.
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