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Overview of the U3TGe5 family with T=Ti, V, Cr, Mn, Zr, Nb,
Mo, Hf, Ta and W: nine new members, phase formation, stability,
structural and physical properties and electronic structures.
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Abstract :
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Nine new ternary uranium transition metal germanides U3TGe5 with T = V, Cr, Mn, Zr,
Nb, Mo, Hf, Ta and W have been discovered, in addition to the previously reported
compound for T = Ti. These ten intermetallics adopt the anti-CuHf5Sn3-type of structure
(hexagonal, P63/mcm, Z = 2). Scanning electron microscopy images, energy dispersive
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spectroscopy, differential thermal analyses and X-ray refinements were employed for
chemical, thermal and structural characterizations. For the purest samples, obtained for
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T = Ti, V and Cr, the investigation of the magnetic and transport properties were
analyzed revealing the subsequent influence of the 3d metals on the ground-state
properties. Ab initio calculations of the band structure of these three U3TGe5 compounds
were performed, showing nested Fermi surface which may be associated to the presence
of Dirac cones for the magnetically ordered compounds, i.e. for T = Ti and V.

Keywords: intermetallics, heavy fermion, magnetism, electrical resistivity, specific heat,
electronic band structure.
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1. Introduction
In recent years, the binary and ternary uranium germanides have been widely investigated
due to their intriguing electronic properties. The most striking example is the coexistence of
ferromagnetic and superconducting states encountered in UGe2 (TC = 53 K, TSC = 0.75 K,
under pressure, P = 11.4 kBar) [1], URhGe (Tc = 9.5 K, TSC = 0.25 K) [2] and UCoGe (Tc =
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3 K, TSC = 0.5 K) [3]. In these compounds, the superconductivity and ferromagnetism are
considered as cooperative phenomena and not as competing effects. Both transitions can be
attributed to the 5f electrons only. It has been recognized that despite UGe2 (ZrGa2-type,
orthorhombic, Cmmm) and UTGe, T = Co, Rh (TiNiSi-type, orthorhombic, Pnma) adopt
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different crystal structures, they present similar features identified as (i) infinite U zig-zag
chains with interatomic distances about 3.5 Å at room temperature and (ii) ordered magnetic
moments lying on the zig-zag chain planes [4].
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Looking more closely to the ternary uranium germanides identified by our research group
which may display similar structural and magnetic features to those above mentioned, the
survey converged to U3TiGe5 [5]. This compound crystallizes in a hexagonal unit-cell (space
group P63/mcm) with the anti-CuHf5Sn3 type. It presents infinite zig-zag chains of U atoms
that are running along the c-axis, with interatomic distances of 3.462(1) Å at room
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temperature. It is a ferromagnet below TC = 76 K with a canted magnetic structure showing
ordered moments mainly aligned along the c-axis with reduced antiferromagnetically coupled
contributions in the (a,b) hexagonal plane [5].

The anti-CuHf5Sn3-type adopted by U3TiGe5 is an inverse ternary ordered variant of the

EP

Ti5Ga4-type [6] adopted by the uranium binaries U5Sb4 [7], U5Sn4 [8] and U5Ge4 [9]. This
inverse arrangement is widely encountered in ternaries defined as F-T-X, with F= 4f or 5f
element, T = early transition metal and X = Ge, Sn or Sb [10] and more especially, it generates
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an extended family of isostructural uranium antimonides, U3TSb5 for T = Sc, Ti, Zr, Hf, V,
Nb, Cr, and Mn [11-13].

This structure type provides an interesting play-ground for the understanding of the
relationships between structural and physical properties of U based intermetallics. Thus we
decided to investigate the transport properties of U3TiGe5 and to explore its crystal chemistry
by extending this family of ternary uranium germanides. For these prospecting syntheses, the
transition-metals yielding the formation of the ternary uranium antimonide series were used as
guidelines.
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The present article reports about the formation of nine new ternary U3TGe5 uranium
germanides with T = Zr, Hf, V, Nb, Ta, Cr, Mo, W and Mn crystallizing with the antiCuHf5Sn3-type structure. For the purest samples obtained with the 3d metals, namely U3TGe5
with T = V and Cr, some of their electronic properties are given, along with the transport
properties of U3TiGe5 which have never been reported up to now. Furthermore, a comparative
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study between the band structure, electronic structure, total and partial densities of states for
the three U3TGe5 with T = Ti, V and Cr is presented. Altogether, the experimental and
computational results sketch a complete picture about the physical properties of this family of
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compounds.

2. Experimental and computational details

Starting materials were turnings of U (99.7 %, CETAMA, batch ‘Jonquille’), Ti (Alfa
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Aesar, 99.9%), V (Alfa Aesar, 99.9 %), Cr (Strem, 99.99 %), Mn (Strem, 97 %) Zr (Strem,
99.8 %), Nb (Strem, 99.8 %), Mo (Alfa Aesar, 99.999 %), Hf (Strem, 99.5 %), Ta (Strem, 99
%) and powders of W (Alfa Aesar, 99.95 %), Re (Alfa Aesar, 99.99 %), and Ge pieces
(Strem, 99.999 %). The elements were mixed in stoichiometric ratio and were melted in an
arc-furnace under a Ti/Zr gettered argon atmosphere. The cold buttons were turned and re-
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melted three times at least to ensure a proper melting of the phase constituents. The resulting
ingots were characterized in as-melted state or heat-treated states after two distinct annealing
procedures. Long-term annealing was performed at temperatures below 1200 K for dwell
periods ranging from two to four weeks. For that, the ingots were introduced in silica tubes
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which were evacuated under residual argon atmosphere before being flame sealed and placed
in resistance furnace. Short-term annealing was carried out in the temperature range 14731673 K for about 6 hours. For this second type of heat treatment, the master ingots were
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placed under low Ar-pressure into a water-cooled copper crucible surrounded by the working
coil connected to a high-frequency generator. The electrical power was increased until the
target temperature, measured by an IR-bichromatic pyrometer, was reached.
Each bulk sample was analyzed by powder X-ray diffraction collected at room temperature
using a Bruker AXS D8 Advance diffractometer (θ-2θ Bragg-Brentano geometry,
monochromatized Cu Kα1 radiation,

= 1.5406 Å), equipped with a LynxEye fast detector.

The experimental diffraction patterns were analyzed with the help of the Le Bail and Rietveld
methods implemented in the FullProf suite [14].

3
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The microstructure of the samples was examined on polished surfaces using a Jeol JSM
7100F scanning electron microscope (SEM) equipped with a silicon drift detector energy
dispersive spectrometer (EDS) - X-Max 50 from Oxford Instrument - employed for the
elemental analysis of the various phases. Elemental compositions were obtained by averaging
the values of at least three EDS analyzed zones, from different areas of the sample. An
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estimated deviation from the mean value is about 1 at.%.
Differential thermal analysis (DTA) was performed on a Setaram LabSys 1600 apparatus,
calibrated using the phase transitions and melting temperatures of different pure metals (Al,
Cu and Fe). The measurements were performed in alumina crucibles up/down, to/from
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1873 K at heating/cooling rates of 5, 10 or 20 K min−1, under a 5 N purity argon flow.

Small single crystals suitable for crystal structure determination were picked up from the
heat-treated samples. The diffraction intensities were collected at room temperature on a
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Nonius Kappa CCD four circle diffractometer working with Mo Kα radiation (

=

0.71073 Å). The integration and reduction of redundant reflections of the different data sets as
well as the cell refinements were performed using the SADABS software [15]. All the
structure refinements and Fourier syntheses were made with the help of SHELXL-13 [16].
The magnetic properties were studied in temperature range 2-300 K and magnetic fields up
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to 5 T using a Quantum Design SQUID magnetometer. The specific heat and electrical
resistivity were measured at temperatures from 2 to 300 K using a Quantum Design PPMS
platform.

The electronic structures of U3TGe5 systems with T = Ti, V, Cr have been calculated

EP

employing the fully relativistic version of the full-potential local-orbital (FPLO) method [17],
which includes all relativistic effects such as the spin-orbit (SO) coupling. The local density
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or spin density approximation (LDA) or (LSDA) [18] of the exchange-correlation functional
was applied without or with spin-polarization. In addition orbital polarization correction
(LSDA+OPC) [19] were implemented to the U 5f states, along with generalized gradient
approximation (GGA) [20]. The electronic configurations of atoms used in the calculations
were the valence electrons automatically selected by the internal procedure. The experimental
lattice parameters and atomic positions of U3CrGe5 and U3VGe5 (gathered in Tables 2 and 3)
were used whereas the structural data of U3TiGe5 were taken from [5]. The FPLO code
yielded the Mulliken decomposition of charges, which is somewhat dependent on the orbital
used. The 12 × 12 × 12 size of the selected k-point meshes corresponded to 133 points in the
irreducible wedge of the Brillouin zone (BZ). The band structures, total and partial densities
4
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of states (DOSs), and Fermi surfaces (FSs) were computed. The partial DOSs were obtained
for different atomic sites or electron orbitals and plotted per formula unit (f.u.).

3. Results
3.1 Phase formation
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All the ingots were prepared by arc-melting the elemental components with the nominal
composition U3TGe5 for T = Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, Hf, Ta, W and Re. The phase
formation and the purity of the samples were examined by means of powder XRD and
SEM-EDS analyses for the as-cast and heat-treated states.

SC

The CuHf5Sn3 antitype structure can be readily obtained by direct solidification of the melt
with a yield above 95 % for T = Ti, V, Cr and Mo. The impurity phases were identified as the
binary uranium germanides, UGe2 or UGe3 for T = Ti and V and as some traces of the ternary
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compounds U2T3Ge4 [21] for T = Cr and Mo. For the samples with T = Mn, Zr, Nb, Hf, Ta
and W, the anti-CuHf5Sn3 type was observed in medium to low yield, but systematically in
presence of two secondary phases, at least. These secondary phases are mainly the ternary
extensions of the binary uranium germanides UGe [22] and UGe2 [23] and the ternary phases
U2T3Ge4 for T = Nb, Ta, Zr and W [24, 25] and UMn2Ge2 [26]. The samples with T = Sc and
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Y exhibit blurred microstructures comprising large zones of a fine-grain eutectic phase. The
corresponding powder X-ray diffractograms show complicated patterns. Only the main
diffraction peaks could be indexed according to an AlB2 type of unit-cell. For the sample with
starting composition 3U-1Re-5Ge, after subtracting the diffraction peaks of binary uranium
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germanides, our efforts to index the remaining peaks were fruitless. The SEM-EDS analyses
confirm the polyphasic nature of the sample, with binary uranium germanides and a ternary
phase having an elemental composition of about 25U-34Re-41Ge in at. %.
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Examination of the samples annealed at intermediate temperatures (below 1200 K) for
dwell periods up to four weeks mainly revealed grain growth, but with rather similar features
in term of phases in presence compared to the as-cast state, except for T = Mn. For this metal
a relevant increase of the U3MnGe5 content is observed, but still with the presence of the
ternary extensions of UGe2 and UGe and UMn2Ge2 ternary compound. Regarding the samples
with T = Sc and Y, the microstructural refinement associated to the heat-treatment yields
samples with improved crystalline features and large homogeneous zones needed for precise
investigations. Obviously, they indicate the unsuccessful synthesis of the inverse CuHf5Sn3
phases with these two metals. For the samples with the other transition metals, T = Ti, Cr, V,
5
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Zr, Nb, Mo, Hf, Ta and W, these long-term annealing processes were useless to remove the
traces of the impurity phases for T = Ti, V, Cr and Mo and to promote further solid state
formation of the U3TGe5 phase for T = Zr, Nb, Hf, Ta and W.
The high temperature heat-treatments were also found inefficient to get rid of the impurity
phases in the samples with T = Ti, V, Cr and Mo, but rather efficient to activate the formation
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of the U3TGe5 phase with the refractory metals T = Zr, Nb, Hf, Ta and W. In these samples,
the U3TGe5 phase was found to be the major product, but still with detectable secondary
phases. The sample with nominal composition ‘3U-1Re-5Ge’ presents similar phases as
observed for the as-cast state, confirming the unsuccessful formation of the U3TGe5 phase

SC

with this transition metal.

To summarize, the presence of U3TGe5 with T = Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W
was observed in as-cast ingots suggesting that the formation mode occurs through a reaction
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which may involve a liquid phase. The long-term heat-treatments performed at intermediate
temperature mostly induce microstructural refinements without significant effect on the
U3TGe5 content in the samples, excluding a peritectoid mode of formation. Finally the shortterm heat-treatments at rather high temperature thermally activate the diffusion to promote the
formation of U3TGe5 phases, especially for the refractory metals. All these observations
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suggest a peritectic mode of formation of U3TGe5. To ascertain this point, DTA measurements
were performed at temperatures up to 1823 K.

3.2 Thermodynamic behavior

EP

DTA curves were recorded on heating and cooling for the purest samples of U3TGe5 with
T = Ti, Cr, V, Mn, Zr, Nb, Mo, Hf and Ta. It should be noticed that the liquidus and solidus
temperatures could be hardly recognizable. For most of the samples, with T = Ti, V, Cr, Mn
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Zr, Nb and Mo, the curves show several endothermic and exothermic peaks with noticeable
temperature shifts between heating and cooling modes, suggesting cascades of peritectic
transformations. Most of the endothermic peaks occur in a narrow temperature domain
ranging from 1660-1740 K. This temperature zone corresponds to the range of the extensive
transformations existing in the U-Ge binary system for 50-75 at.% Ge [27] which therefore
hampers a straightforward assignment for most of the transitions.
For the 5d transition metals (T = Hf, Ta and W) any significant endothermic peak can be
detected, indicating that the U3TGe5 phase with these refractory metals has a decomposition
temperature above 1823 K. It also confirms that the series of endothermic peaks observed for
6
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the other metals results from successive peritectic reactions. Based on microstructural
analyses, it can be postulated that U3TGe5 phases decompose by peritectic reaction yielding a
binary U-Ge compound, most presumably being UGe2 and a ternary UxTyGez phase, most
presumably being U2T3Ge4 for T = Ti, V, Cr, Zr, Nb and Mo, at least.
The temperature of the peritectic decomposition was defined as the onset of the first
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endothermic peak. The transition temperatures are summarized in Table 1.

3.3 Crystal structure

The U3TGe5 family with T= Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W crystallizes in the
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P63/mcm space group (no. 193) and adopts the anti-CuHf5Sn3 type of structure. The crystal
structure of U3VGe5 and U3CrGe5 was refined from single crystal XRD data, with single
crystals extracted from crushed annealed ingots. The atomic positions of U3TiGe5 [5] were
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taken as initial structural model. Some refined crystal parameters and further details of the
data collections are summarized in Table 2. Final values of the positional and displacement
parameters are given in Table 3. As an illustration of this crystal structure often described in
the literature [11-13 and references therein], the unit-cell of U3VGe5 is shown in Fig. 1a. The
transition metal atoms are 6 coordinated by Ge atoms in a regular octahedral geometry
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whereas the U atoms are surrounded by 9 Ge atoms which form a heavily distorted tricapped
trigonal prism. Two adjacent [UGe9] polyhedra condense by sharing a triangular face. Along
the c-direction, the anti-CuHf5Sn3 type is characterized by infinite linear chains of T atoms
resulting from the face-sharing of [TGe6] octahedra and infinite U zig-zag chains within Ge
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tunnels of rhombus section. The interatomic distances within the linear chains of T atoms
correspond to half c parameter. The zig-zag U-chains (Fig.1b) display an almost constant
angle of 111(1)° for interspacing ranging from 3.426(1) for T = Cr to 3.523(1) for T = Zr.
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Comparing with the U-chains in ferromagnetic superconductors, these distances are
significantly smaller than those in UGe2 (dU-U ≈ 3.82 Å) but in the range of those found in
UCoGe and URhGe (dU-U ≈ 3.48 and 3.50 Å, respectively), while the angle is intermediate
between those in the binary (≈ 63.8°) and the ternaries (≈156 – 160°). In the (a,b) plane
(Fig. 1c) the U atoms form a triangular network with two distinct U-U distances, short ones
being below 4.6 Å (solid line) and the long ones being about 5.6 Å (dotted line).
The lattice parameters of the nine new phases along with the ones of U3TiGe5 were refined
from powder XRD data using a global approach for the fitting of profile parameters on
multiphase samples. Table 4 gathers the lattice parameters of the family of germanides, and
7
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Fig. 2 displays their evolution as the function of the metallic radius of the transition metal (rT)
outlining a monotonic trend with the exception of T = Mn. For the uranium antimonides
U3TSb5 [11-13], similar features are observed in terms of a smooth expansion of the lattice
parameters with rT and an anomaly for T = Mn. For both series of compounds, the lattice
parameters and the unit-cell volume for all the compounds remain in narrow ranges, pointing
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out steric effects as important factors in the phase formation of the ternary compounds with
the anti-CuHf5Sn3-type of structure.

3.4 Physical properties

SC

For the purest samples, i.e. those containing more than 95 vol. % of the U3TGe5 phase,
obtained for the 3d metals (T = Ti, V, Cr) a detailed study of the electronic properties was
carried out. The transport and magnetic properties were investigated by means of electrical
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resistivity, specific heat, dc and ac-susceptibilities. Their results are presented in the following
subsections and fitting parameters summarized in Table 5.

3.4.1 Magnetic properties

Fig. 3a displays the inverse molar magnetic susceptibility of U3VGe5 as a function of
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temperature. Above about 40 K, the χmol-1(T) curve exhibits a nearly linear behavior and can
be described by a modified Curie-Weiss law:

χ mol (T ) = χ 0 +

C
T −θP

(1)
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where C is the Curie constant, θP is the paramagnetic Curie–Weiss temperature and χ0 is the
temperature independent contribution of Pauli paramagnetism of conduction-band electrons
and core diamagnetism. Least-squares fits of equation (1) to the experimental data yield the
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values C = 20.9 cm3 K mol-1, θP = 23 K and χ0 = 3.08 10-2 cm3 mol-1. The effective magnetic
moment

=

(where µ0, NA and kB are the magnetic permeability of free space, the

Avogadro’s number and the Boltzmann’s constant, respectively, and n is a number of
magnetic moments per formula unit) is equal to 2.64 µB per U-atom. Such value is much
lower value than those expected for 5f3 configuration of U3+ and 5f2 configuration of U4+ free
ions (3.62 µB and 3.58 µB respectively), and hence it suggests the partial delocalization of the
magnetic moments of uranium, being in line with the observed positive and non-negligible
value of χ0. However, it should be taken into account that this approach neglects completely
8

ACCEPTED MANUSCRIPT
the crystal field effect, which is usually present in uranium intermetallics and can also lead to
the reduction of the effective magnetic moment.
Despite the positive value of θP, suggesting predominant ferromagnetic interactions
between the magnetic moments of uranium atoms, U3VGe5 orders antiferromagnetically at the
Néel temperature TN = 25 K, which is manifested as a distinct cusp-like anomaly in
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temperature variation of the molar magnetization Mmol(T) (upper inset to Fig. 3a). Some
bifurcation of the Mmol(T) curves between the zero-field-cooling (ZFC) and field-cooling (FC)
regimes suggests the presence of a tiny ferromagnetic contribution. Such a contribution may
result from a small tilt between antiparallel ferromagnetic layers, associated with a canted

SC

magnetic structure.

Field dependence of the magnetization confirms the antiferromagnetic character of the
ordering (lower inset to Fig. 3a). In particular, below about 1 T the magnetization of U3VGe5
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increases linearly with rising µ 0H, as expected for antiferromagnets. Subsequent rapid
increase of Mmol with some magnetic hysteresis between about 1 and 3 T, followed by clear
tendency to saturation in higher fields, manifests field-induced metamagnetic phase transition
from an antiferromagnetic to a ferromagnetic-like state. Assuming that at 5 T a single-domain
model with all the magnetic moments parallel oriented is achieved, the measured value of
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Mmol(5T) = 12.4 J T-1 mol-1 yield the magnitude of the ordered magnetic moment µ ord as being
equal to 2.22 µ B per formula unit (i.e. 0.74 µ B per U-atom). This significantly reduced value
may be correlated to crystal field effect in the compound, as already hypothesized.
Results of the magnetization measurements carried out in various magnetic fields (Fig. 3b)
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confirm the magnetic properties of U3VGe5: the curves measured at 0.1 and 0.5 T have clearly
antiferromagnetic character, while M(T) measured at 4 T shows smeared Brillouin-like shape
characteristic of field-induced ferromagnets. Temperature variation of the ac-magnetic
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susceptibility of U3VGe5 measured in zero magnetic field (inset to Fig. 3b) exhibits distinct
anomaly in the real part of the susceptibility (χ') associated with featureless imaginary
component (χ''), hence confirming the antiferromagnetic ground state of the compound.
Magnetic properties of U3CrGe5 are summarized in Fig. 4. At high temperatures the
inverse molar susceptibility of the compound can be described by the modified Curie–Weiss
law (Eq. 1) with the fitting parameters C = 23.2 cm3 K mol-1 (yielding µeff = 2.22 µB),

θP = - 54 K and χ0 = 3.54 × 10-2 cm3mol-1. The effective magnetic moment is even lower than
in U3VGe5, which is also in line with larger χ0. Enlarged negative paramagnetic Curie-Weiss
temperature points to an antiferromagnetic character of the interactions between the magnetic
9
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moments. Downward deviation of the experimental curve from the Curie-Weiss law is clearly
seen below about 120 K followed by an upturn in the χmol(T) curve at the lowest temperatures
(upper inset to Fig. 4). The upturn could be ascribed to ferromagnetic-like ordering at about
25 K, being in line with some ferromagnetic hysteresis observed in M(H) (lower inset to Fig.
4). However, no trace of any phase transition was detected in either specific heat or electrical
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resistivity data (see below). This leads us to the conclusion that the observed low-temperature
magnetic properties are most probably not intrinsic.

3.4.2 Specific heat

Fig. 5 shows the specific heat CP of U3TiGe5, U3VGe5 and U3CrGe5 measured as a function
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of temperature in zero magnetic field. Experimental curves collected for the two former
phases show distinct anomalies corroborating the bulk ferromagnetic ordering in U3TiGe5 at
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TC = 73 K and the antiferromagnetic one in U3VGe5 at TN = 25 K, being in perfect agreement
with the other measured physical properties. As mentioned above, no anomaly has been found
in CP(T) of U3CrGe5, which confirms the absence of long-range magnetic ordering of the
compound. Due to a lack of an isostructural nonmagnetic reference, a further analysis of the
specific heat of all the studied systems must be limited to very low temperatures, at which the
phonon contribution to the specific heat follows the conventional Debye T3-law:
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CP
= γ + βT ²
T

where γ is the Sommerfeld coefficient and β = 1944 r

(2)

θ D3

(r – number of atoms in the formula

EP

unit, ΘD – Debye temperature) [28].

As can be inferred from the lower inset to Fig. 5, the CP(T) curves of U3TiGe5 and U3VGe5
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(plotted as Cp/T vs. T2) show linear behavior below about 6 K. This low temperature domain
can be described by Eq. 3 where the second term of Eq. 2 is developed for the magnon
contribution in magnetically ordered system. Only for U3TiGe5 where the ordering
temperature is relatively high, it can be assumed that contribution of the ferromagnetic
magnons is negligible in the considered fitting range (ratio about 12). Least-square fits of
Eq. 2 to the experimental data (see the lower inset to Fig. 5) yielded the parameters γ =
105 mJ mol-1 K-2 (or 35 mJ molU-1 K-2 ) and β = 0.7 mJ mol-1 K-4 for U3TiGe5. The Debye
temperature, estimated using the latter parameter, is equal to 292 K, which is quite reasonable
value for uranium germanides [29]. The moderately enlarged γ value suggests the presence of
some electronic correlations in U3TiGe5.
10
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In U3VGe5 the ordering temperature is much lower. Therefore the contribution of the
antiferromagnetic magnons cannot be neglected in the fitting range. In fact, the slope of the
linear dependence in Cp/T vs. T2 of this compound is larger than in the system with Ti.
Assuming that ΘD of all three isostructural systems is nearly the same, one can fit the CP(T)/T
curve of U3VGe5 by the formula:
CP
= γ + β T ² + α AFM T ²
T
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(3)

in which the third term describes conventional antiferromagnetic magnons contribution to the
specific heat [28] and β is fixed on the value obtained for U3TiGe5. The least-squares fits of
Eq. 3 to the experimental data yielded for U3VGe5 the parameters γ = 340 mJ mol-1 K-2 (or

SC

113 mJ molU-1 K-2 ) and αAFM = 0.9 mJ mol-1K-4 (lower inset to Fig. 5). It is worth noting that
the γ coefficient of the V-bearing system is more than three times larger than in U3TiGe5,
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which suggests stronger electron-electron interactions in the former compound, being in line
with its lower magnetic ordering temperature.

As can be seen in the upper inset to Fig. 5, the low-temperature behavior of the specific
heat of U3CrGe5 differs from that observed in U3TiGe5 and U3VGe5: it shows a distinct
increase in Cp(T)/T with decreasing T. Such an upturn can be considered as manifesting
critical spin fluctuations associated with magnetic phase transition at absolute zero
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temperature. Indeed, the experimental data seem to follow the theoretical predictions for such
systems – they can be described by the formula:
CP
= γ * + β *T ² + δ T ² ln T
T

(4)
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where β* = β – δlnTsf and γ* is the γ coefficient enhanced by rising an effective mass of
conduction electron due to the fluctuation process (cf. e.g. [30, 31]). Least-squares fit of Eq. 4

AC
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to the experimental data (solid line in the upper inset to Fig. 5) yielded the parameters γ* =
510 mJ mol-1 K-2 (or 170 mJ molU-1 K-2), β* = –6.6 mJ mol-1 K-4 and δ = 2.8 mJ mol-1 K-4.
Using β parameter found for U3TiGe5 one can estimate the spin fluctuations temperature Tsf as
to about 14 K. The value of γ* in U3CrGe5 is similar to the reported ones for UGe
(137 mJ molU-1 K-2) [29] and the canonical spin fluctuator UAl2 (145 mJ molU-1 K-2) [32].

3.4.3 Electrical resistivity
Fig. 6a displays temperature dependences of the electrical resistivity ρ(T) of U3TiGe5,
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U3VGe5 and U3CrGe5. Above about 100 K ρ(T) of all three compounds are weakly
temperature dependent. At low temperatures distinct anomalies followed by a drop of ρ
confirm the bulk magnetic ordering of U3TiGe5 and U3VGe5 at TC = 73 K and TN = 25 K,
respectively. The anomalies are well visible also in the first derivative of the resistivity dρ/dT
of both compounds displayed in the inset to Fig. 6a. The lack of any sharp anomaly in ρ(T) as
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well as in dρ(T)/dT of U3CrGe5 is in agreement with its featureless specific heat and thus
supports a paramagnetic ground state for this compound. In turn, the overall shape of the ρ(T)
curve of U3CrGe5 is characteristic of intermetallic systems exhibiting spin fluctuations, as e.g.
.UAl2 [33], UPt3 [34], UNi2Al3 [35] and many actinide or lanthanide Laves phases [36].

SC

Hence it strongly bears out our hypothesis on the presence of spin-fluctuations in U3CrGe5.
As can be inferred from Fig. 6b, ρ(T) of the ferromagnetically ordered U3TiGe5 follows in
the ordered region the theoretical predictions for electron scattering on ferromagnetic
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magnons. In particular, the ρ(T) curve can be described below about 35 K by the formula
developed for anisotropic ferromagnets [37]:

ρ (T ) = ρ 0 + aT ² + bT ∆ (1 +

2T
∆
exp( − ))
∆
T

(5)

where ρ0 is the residual resistivity, the second term describes the electron-electron scattering,
and the last term represents the scattering of the conduction electrons on magnons with a ∆
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gap in the magnon spectrum. Least-squares fit of Eq. 5 to the experimental data (solid line in
Fig. 6b) yielded the parameters ρ0 = 40.8 µΩ cm, a = 0.074 µΩ cm K-2, b = 0.346 µΩ cm K-2
and ∆ = 92 K.
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Performing analogical analysis for the antiferromagnetically ordered U3VGe5 would not be
reliable due to the too low value of TN. As a consequence, the drop of the resistivity is not

AC
C

fully developed in the studied temperature range.

3.5 Electronic band structure.
The fully relativistic total and partial DOS’s of non-magnetic (LDA) states of U3TGe5
systems with T = Ti, V and Cr, are displayed in Fig. 7. The overall metallic-like DOS’s are
similar for the three compounds, showing that valence electrons of all the constituent atoms,
U 5f (6d), Cr/Ti/V 3d, Ge 4sp, are present at the Fermi level (EF). However, in this region,
located between the Fermi level and about -3 eV of the binding energy, the predominant
peaks come from the U 5f5/2 states, originating from the three U atoms per f.u. They are
distant by about 1.0 eV from the unoccupied U 5f7/2 ones and are slightly delocalized due to
12
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hybridization with the T 3d states. The calculated Sommerfeld coefficients are relatively large
with comparable values of γb = 72.2, 74.5, 84.0 mJ mol-1 K-2 per f.u. for T = Ti, V and Cr,
respectively. The continuous increase in the relative ratio of the corresponding experimental
specific-heat values to the calculated ones, γ/γb = 1.5, 4.6, 6.1, reflects well established
electronic features for U-based intermetallics. The lowest fraction factor of 1.5 obtained for
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U3TiGe5, is typical of weakly correlated electron systems [38] whereas the highest one but
still moderate factor of 6.1 obtained for U3CrGe5 outline the presence of spin fluctuations.
For the three electronic structures, it has been found that the uranium atoms transfer some
electrons (~1.65 per U at.) to Ge ones lowering among others the numbers of 5f electrons N5f

SC

from the nominal value 3 to about 2.75. Similarly, the nominal numbers of the valence
electrons of the T atoms, Nval = N3d + N4s = 4, 5 and 6 for T = Ti, V and Cr, respectively were
found systematically smaller than expected, with values of Nval = 3.11, 4.17 and 5.41. The
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origin of the significant reduction of the DOS of the T atoms at the vicinity of the Fermi level
resides in two additive effects, (i) the hybridization of the T 3d wave-functions with the U
5f(6d) and Ge 4sp ones and (ii) some charge transfer from the T atoms to the Ge ones. The
part of the charge transfer remains almost constant among the three transition metals, whereas
the hybridization effect increases from Ti to V and to Cr, (with increasing the real number of
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3d electrons) as illustrated in Fig. 7. Such evolution of the hybridization effect arising from
the T atoms may reflect the change of the magnetic behaviour of the three compounds.
Assuming collinear magnetic moments along the c axis, some ferromagnetic states (FM)
have successfully been obtained self-consistently, using different exchange-correlation

EP

functionals, only for U3TiGe5 and U3VGe5. However, for LSDA and GGA applied to both
systems, the total ordered uranium magnetic moments (all given per U-atom and oriented
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along the c axis), are almost zero (0.01 and 0.2 μB, respectively), resulting from an almost
complete cancellation of their spin and orbital moments due to an anti-parallel coupling. Only
LSDA+OPC functional yields reasonable values of a total U magnetic moment. For U3TiGe5,
it is equal to 1.15 µB (with spin 1.70 μB and orbital -2.85 μB contributions), in agreement with

the reported experimental neutron-diffraction value of 1.00(7) μB [5]. Similarly, for U3VGe5

the total ordered uranium magnetic moment amounts to 1.09 μB (with spin 1.75 μB and orbital
-2.84 μB moments) in line with the field-induced FM state, detected in the magnetization
measurements (Fig. 3a). The occurrence of magnetic moments carried by U-atoms only is in
agreement with the results obtained for the isostructural compound U3ZrSb5, studied by

different band structure methods [39].
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Fig. 8 presents the spin-polarized DOS’s of both U3TiGe5 and U3VGe5 compounds in the
FM states calculated with LSDA+OPC. In the vicinity of EF, the U spin-up channels are much
higher than the spin-down ones, yielding almost half-metallic systems. The corresponding
bandplots, displayed in Figs. 9b and c in the expanded scales for LSDA+OPC, exhibit many
peculiarities of Dirac-cone-like structures around EF, as enlightened by red circles. Their non-
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trivial topologies which bear some resemblance with the band structure of the twisted
graphene lattices [40] is very unique for uranium systems. Noteworthy, these features of the
band structure in the ordered state are lacking in the paramagnetic one i.e. in the nonmagnetic
(LDA) states for all three compounds as depicted in the bandplots calculated for U3CrGe5 in

SC

Fig. 9a. However, the assumption of the presence of the Dirac-cones needs further
experimental evidence by means of angle-resolved photoelectron spectroscopy (ARPES)
measurements, as an example.
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Fig. 10(a-c) display the computed (LDA) Fermi surfaces of the three compounds U3TGe5
comprising as many as five or even six (for T = V) sheets which originate from Kramers
double-degenerate bands. The sheets coming from the lower bands form hole-like closed
pockets, centred at the Γ point, which possess different volumes and possible necks along the

ΓM line. Conversely, the sheets derived from the upper bands have electron-like character and
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are open within hexagonal planes in the BZ. The situation is radically changed for the FS
sheets obtained with LSDA+OPC for the magnetically ordered phases with T = Ti and V as
seen in Fig. 10(d,e). Although now the number of FS sheets, originating from bands with
lifted up Kramers degeneracy, increased only by one for each compound but the majority of
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the sheets changed their topology from three-dimensional to quasi-one-dimensional. Namely,
they are almost planar within the hexagonal planes as if metallic interactions were reduced
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mainly to directions parallel to the c axis, probably due to some orbital ordering along the U
zig-zag chains.

4. Discussion / Conclusion
The series of ternary uranium transition metal germanides, U3TGe5 crystallizing with the
inverse CuHf5Sn3-type (hexagonal, P63/mcm space group) have been extended by nine new
members with T = V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W, in addition to the previously
reported one, U3TiGe5. All the compounds readily form with transition metal, T of column 4
to 7, with this exception of Re. Our efforts to prepare an analogous ternary uranium
14
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germanide with T = Sc (column 3) were unsuccessful despite an isotypical compound existing
in the ternary uranium antimonide series. The lattice parameters of the uranium germanide
family linearly evolve with the metallic radius of the transition metals, as similarly observed
for the U3TSb5 compounds. It emphasizes that the germanide and antimonide branches of
these U-based isostructural compounds form for early transition metals according to both
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steric effects related to the T / X (X = Ge, Sb) atomic radius ratios and electronic count of the
transition metals in the sense of electron poor metals.
Combined

investigations

of

metallographic

observations

using

SEM

images,

semiquantitative analyses by EDS, identification of phase transitions by DTA and single-
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crystal refinements indicate that the ternary uranium transition metal germanides, U3TGe5
should be regarded as line-compounds forming by peritecitic reaction. The phase formation
involves at least a binary uranium germanide, being most probably UGe2, as solid phase. The
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transformation may occur with the U2T3Ge4 compounds as second solid phase, for T = Cr, Zr,
Nb, Mo, Hf, Ta and W at least. The reaction temperatures were evaluated above 1529(5) K
which constitutes the lowest decomposition temperature found for T = Mn.
The electronic properties were measured by means of ac and dc susceptibilities, electrical
resistivity and specific heat on polycrystalline samples for T = Ti, V and Cr having a U3TGe5
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phase content above 95 vol.%. In the absence of a non-magnetic analogue to extract the lattice
contribution, a single value of the Debye temperature, ΘD = 292 K, was assigned for all these
isostructural ternary uranium germanides. This value was extracted from the specific heat of
U3TiGe5, by considering a modified Debye model which includes the magnon contribution, at

EP

very low temperature. Our measurements confirm the ferromagnetic ordering of U3TiGe5
below Tc = 73(1) K, and establish for the first time its thermal and electrical resistivity
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behaviors. The Sommerfeld coefficient γ = 35 mJ molU-1 K-2 evaluated from specific heat
suggests moderate electron correlations at low temperature.
U3VGe5 has to be regarded as an antiferromagnet below TN = 25 K, but with an imperfect
anticollinear arrangement of the magnetic moments at low temperature. A spin-flip transition
associated to a narrow hysteresis loop is observed between 1 and 3 T in the isothermal
magnetization curves measured at T = 2 K. The magnetic ordered moment per U-atom
amounts to 0.74 µ B. In the paramagnetic domain, the effective magnetic moment per U-atom
amounts to 2.64 µ B, a rather reduced value also. From the specific heat measurement a

moderately large Sommerfeld coefficient, γ = 113 mJ molU-1 K-2 was estimated, indicating
stronger electronic correlations than in U3TiGe5.
15
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The paramagnetic ground sate of U3CrGe5 is clearly brought out in all the physical
measurements. The temperature dependence of the electrical resistivity displays a concave
down curve, which is reminiscent of metallic systems with strong spin fluctuations. The low
temperature evolution of the specific heat follows a typical model developed for spin
fluctuations near magnetic ordering. The estimated Sommerfeld coefficient γ =
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145 mJ molU−1 K−2 obtained from the low temperature behaviour of specific heat qualifies
U3CrGe5 as a moderate heavy fermion.

The considerable enhancement of the effective mass of conduction electrons at low
temperatures along with a constant decrease of the magnetic exchange interactions when

SC

increasing the number of valence electrons of the 3d-transition metals i.e. from Ti to Cr,
suggested an increase of the uranium f-electron hybridization with the p- and d-electrons from
germanium and the 3d-transition metals.
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Within this 3d-element series, the U-U distances (from about 3.42 Å for T = Cr to 3.48 Å
for T = Ti) and angles (about 111°) along the U-zig-zag chains are almost the same and
cannot thus be considered as the main driving force of the physical properties. Substantial
band structure calculations were thus carried out with the help of density functional theory
using the full-potential local-orbital method (FPLO) in the fully relativistic mode. At the
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Fermi level, the valence electrons of all the constituents U 5f (6d), Cr/Ti/V 3d, Ge 4sp
participate to the subbands, but the main contribution comes from the U 5f5/2 states which are
slightly delocalized due to hybridization with the T 3d states. The results of the band structure
calculations nicely reproduced the experimental data on the physical properties outlining the

EP

main influence of the T atoms on the magnetic and electronic behaviors of the U3TGe5 with T
= Ti, V and Cr compounds. Noteworthy, the bandplots of both U3TiGe5 and U3VGe5 in the
magnetically ordered states, reproduced with the help of the orbital polarization correction,

AC
C

exhibit many peculiarities of Dirac-cone-like structures around the Fermi level.
Such assumption of the presence of the Dirac-cones needs further experimental evidence.
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TABLES AND TABLE CAPTIONS:
Table 1 Temperature of peritectic transformation of the U3TGe5 compounds. The values are given
with an absolute error of ± 5K.
Ti

V

Cr

Mn

Zr

Nb

Mo

Hf

Ta

W

T (K)

1676

1698

1607

1529

1667

1654

1677

-

-

-
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U3TGe5, T

Table 2 Single crystal XRD data and structure refinement parameters for U3VGe5 and U3CrGe5
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compounds.
U3VGe5

U3CrGe5

Formula weight (g mol-1)

1127.98

1129.04
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Chemical formula

Crystal system. space group

Hexagonal. P63/mcm

Cell parameters (Å)
-3

Z. density (g cm )
Abs. coef. (cm-1)

a = 8.427(1)

c = 5.655(1)

c=5.664(1)

2. 10.698

2. 10.791

913.81

922.98

4.82° - 41.94°

4.838°- 41.983°

-14 ≤ h ≤ 10

-15 ≤ h ≤ 10

-14 ≤ k ≤ 15

-11 ≤ k ≤ 15

-10 ≤ l ≤ 10

-10 ≤ l ≤ 10

4789 / 477

7033 / 470

0.0955

0.0943
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θ range (°)

a = 8.466(1)

Limiting indices

EP

Collected/unique reflections
R(int)
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Abs. correction

Semi-empirical, SADABS

Data / restraints / parameters

477 / 0 / 14

470 / 0 / 14

Goodness of fit on F2

0.947

1.115

R1 = 0.028

R1 = 0.0309

wR2 = 0.0506

wR2 = 0.0596

3.113; -4.576

3.598; -4.845

Residual factors* [I>2σ(I)]
-3

Largest difference peak/hole (ē.Å )

[∑ w (F − F ) / wF ]½,

* R(F) = ∑ F0 - FC / FC (for F2>2σ(F2)) w R 2 =

2
o

2 2
c

with w–1 = [σ2( Fo ) + (Ap)2 + Bp], p = [max ( Fo ,0) + 2 Fc ]/3
2

2
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Table 3 Atomic positions and equivalent isotropic displacement parameters for U3VGe5 and U3CrGe5.
Atom

Wyckoff x

y

z

Ueq (Å²)

position
6g

0.6146(1)

0

¼

0.007(1)

Ge(1)

6g

0.2587(1)

0

¼

0.007(1)

Ge(2)

4d

1/3

2/3

0

0.007(1)

V(1)

2b

0

0

0

0.005(1)

U(1)

6g

0.6143(1)

0

¼

Ge(1)

6g

0.2566(1)

0

¼

Ge(2)

4d

1/3

2/3

0

Cr(1)

2b

0

0

0
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U(1)

0.007(1)

0.008(1)

0.007(1)
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0.005(1)

Table 4 Lattice parameters for the U3TGe5 series refined from powder XRD data using the Le Bail
method.
Ti

V

Cr

Mn

Zr

a (Å)

8.501(1)

8.460(1)

8.418(1)

8.521(1)

8.586(1)

c (Å)

5.713(1)

5.651(1)

5.659(1)

5.738(1)

5.820(1)

U3TGe5

Nb

Mo

Hf

Ta

W

a (Å)

8.523(1)

8.453(1)

8.570(1)

8.514(1)

8.452(1)

c (Å)

5.736(1)

5.695(1)

5.824(1)

5.729(1)

5.682(1)
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Table 5 Summary of the main physical parameters of U3TGe5 for T = Ti, V, Cr and Mo. The
equations (1-4) leading to these values are described in the text.

74*

105

0.7

292

U3VGe5

AFM

3.08

2.64

23

340

0.7§

U3CrGe5

SF

3.54

2.22

-54

510

-6.6

-

-

-

72.2

RI
PT

γb (mJ mol-1 K-2)

θD (K)

2.24*

Tsf (K)

β or β* (mJ mol-1 K-4)

-*

δ (mJ mol-1 K-4)

γ or γ* (mJ mol-1 K-2)

FM

αAFM (mJ mol-1 K-4)

θP (K)

U3TiGe5

LDA

SC

µ eff (µ B)

Specific heat data

χ0 (10-2 cm3 mol-1)

Magnetic data

Order

Compd.

0.9

-

-

74.5

-

-

2.8

14

84.0

M
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U

292§
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FM: ferromagnetic; AFM: antiferromagnetic; SF: spin-fluctuator; * from [5]; § fixed to
U3TiGe5 values
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FIGURE CAPTIONS :

Fig. 1 (a) Polyhedral view of the crystal structure of U3VGe5; (b) U zig-zag chains running
along the c-axis; (c) extended U network shown in the (a.b) plane. The solid and dotted lines

RI
PT

stand for the U-U distances of 4.554(1) Å and 5.6(1) Å, respectively.

Fig. 2 Evolution of the lattice parameters and unit-cell volume of the U3TGe5 series as the

SC

function of the atomic radius of the transition metal. The solid lines serve as guideline only.

M
AN
U

Fig. 3 (a) Temperature variation of inverse molar magnetic susceptibility χmol-1 of U3VGe5
measured in an external magnetic field µ0H; solid line is a fit of Eq.1 to the experimental data.
Upper inset presents molar magnetization Mmol(T) measured in zero-field-cooling (ZFC) and
field-cooling (FC) regimes; solid curves serve as guides for the eye and the arrow marks the

TE
D

ordering temperature TN. Lower inset: Mmol vs. H measured in the ordered region with
increasing and decreasing magnetic field (open and closed symbols. respectively); straight
lines are added to emphasize the linear character of the magnetization below the transition and

EP

arrows indicate the direction of field changes. (b) Low temperature dependence of Mmol(T) of
U3VGe5 taken in various µ0H (for the sake of clarity the values of Mmol measured in 4 T are

AC
C

multiplied by 0.25). Inset displays the temperature dependence of real (χ') and imaginary (χ'')
components of the AC magnetic susceptibility measured at temperatures below 40 K using
AC magnetic field µ0HAC of a frequency fAC; solid lines serve as guides for the eye and arrows
mark the ordering temperature TN.

Fig. 4 Temperature variation of χmol-1 of U3CrGe5; solid line is a fit of the modified CurieWeiss law to the experimental data. Upper inset presents the low temperature dependence of
24
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Mmol. Lower inset displays Mmol measured at 2 K with increasing and decreasing magnetic
field (open and closed symbols, respectively); arrows indicate the direction of field changes.

Fig. 5 Temperature dependence of specific heat CP(T) of U3TiGe5, U3VGe5 and U3CrGe5.

RI
PT

Arrows mark the ordering temperatures. Insets present CP/T vs. T2. Dashed, dotted and solid
lines are fits of Eqs. 2, 3, and 4, respectively, to experimental data.

SC

Fig. 6 (a) Temperature variation of electrical resistivity ρ(T) of U3TiGe5, U3VGe5 and
U3CrGe5. Inset displays the temperature derivatives of the resistivity dρ/dT plotted as a

fit of Eq. 5 to the experimental data.

M
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function of T. (b) Low-temperature dependence of the resistivity of U3TiGe5 together with a

Fig. 7 Total and partial DOS’s of U3TGe5 systems with T = Ti (a), V (b) and Cr (c) calculated

TE
D

for their non-magnetic states (LDA).

Fig. 8 Total and partial spin-polarized DOS’s calculated for U3TiGe5 (a) and U3VGe5 (b)

EP

compounds in their ferromagnetic states (LSDA+OPC) and drawn separately for spin-up

AC
C

(positive) and spin-down (negative values) channels.

Fig. 9 Bandplots calculated for non-magnetic (LDA) U3CrGe5 (a) and ferromagnetic
(LSDA+OPC) U3TiGe5 (b) and U3VGe5 (c) systems. Note that the energy scales are expanded
in parts (b) and (c) with respect to (a). Some Dirac-cone-like structures are selected in red
circles.
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Fig. 10 Fermi surface sheets of non-magnetic (LDA) states for U3TiGe5 (a), U3VGe5 (b) and
U3CrGe5 (c) originating from Kramers double-degenerate bands as well as of ferromagnetic
(LSDA+OPC) states for U3TiGe5 (d) and U3VGe5 (e) coming from Kramers non-degenerate
bands. The FS sheets are drawn separately within the hexagonal BZ boundaries. Green (dark)
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and yellow (light) sides of the surfaces adjoin electron and hole states, respectively.
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Fig. 1 (a) Polyhedral view of the crystal structure of U3VGe5; (b) U zig-zag chains running
along the c-axis; (c) extended U network shown in the (a.b) plane. The solid and dotted lines
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stand for the U-U distances of 4.554(1) Å and 5.6(1) Å, respectively.

Fig. 2 Evolution of the lattice parameters and unit-cell volume of the U3TGe5 series as the
function of the atomic radius of the transition metal. The solid lines serve as guideline only.
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EP

Fig. 3 (a) Temperature variation of inverse molar magnetic susceptibility χmol-1 of U3VGe5
measured in an external magnetic field µ0H; solid line is a fit of Eq.1 to the experimental data.
Upper inset presents molar magnetization Mmol(T) measured in zero-field-cooling (ZFC) and

AC
C

field-cooling (FC) regimes; solid curves serve as guides for the eye and the arrow marks the
ordering temperature TN. Lower inset: Mmol vs. H measured in the ordered region with
increasing and decreasing magnetic field (open and closed symbols. respectively); straight
lines are added to emphasize the linear character of the magnetization below the transition and
arrows indicate the direction of field changes. (b) Low temperature dependence of Mmol(T) of
U3VGe5 taken in various µ0H (for the sake of clarity the values of Mmol measured in 4 T are
multiplied by 0.25). Inset displays the temperature dependence of real (χ') and imaginary (χ'')
components of the AC magnetic susceptibility measured at temperatures below 40 K using
AC magnetic field µ0HAC of a frequency fAC; solid lines serve as guides for the eye and arrows
mark the ordering temperature TN.
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Fig. 4 Temperature variation of χmol-1 of U3CrGe5; solid line is a fit of the modified CurieWeiss law to the experimental data. Upper inset presents the low temperature dependence of

TE
D

Mmol. Lower inset displays Mmol measured at 2 K with increasing and decreasing magnetic
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field (open and closed symbols, respectively); arrows indicate the direction of field changes.
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Fig. 5 Temperature dependence of specific heat CP(T) of U3TiGe5, U3VGe5 and U3CrGe5.
Arrows mark the ordering temperatures. Insets present CP/T vs. T2. Dashed. dotted and solid
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lines are fits of Eqs. 2, 3, and 4, respectively, to experimental data.
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Fig. 6 (a) Temperature variation of electrical resistivity ρ(T) of U3TiGe5, U3VGe5 and
U3CrGe5. Inset displays the temperature derivatives of the resistivity dρ/dT plotted as a
function of T. (b) Low-temperature dependence of the resistivity of U3TiGe5 together with a
fit of Eq. 5 to the experimental data.
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Fig. 7 Total and partial DOS’s of U3TGe5 systems with T = Ti (a), V (b) and Cr (c) calculated
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C

for their non-magnetic states (LDA).
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EP

Fig. 8 Total and partial spin-polarized DOS’s calculated for U3TiGe5 (a) and U3VGe5 (b)
compounds in their ferromagnetic states (LSDA+OPC) and drawn separately for spin-up
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(positive) and spin-down (negative values) channels.
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Fig. 9 Bandplots calculated for non-magnetic (LDA) U3CrGe5 (a) and ferromagnetic
(LSDA+OPC) U3TiGe5 (b) and U3VGe5 (c) systems. Note that the energy scales are expanded
in parts (b) and (c) with respect to (a). Some Dirac-cone-like structures are selected in red
circles.
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Fig. 10 Fermi surface sheets of non-magnetic (LDA) states for U3TiGe5 (a), U3VGe5 (b) and
U3CrGe5 (c) originating from Kramers double-degenerate bands as well as of ferromagnetic
(LSDA+OPC) states for U3TiGe5 (d) and U3VGe5 (e) coming from Kramers non-degenerate
bands. The FS sheets are drawn separately within the hexagonal BZ boundaries. Green (dark)
and yellow (light) sides of the surfaces adjoin electron and hole states, respectively.
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