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Abstract :

Nine new ternary uranium transition metal germanides U3TGes 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. Theseten inter metallics adopt the anti-CuHfsSns-type of structure
(hexagonal, P6s/mcm, Z = 2). Scanning electron microscopy images, energy dispersive
spectroscopy, differential thermal analyses and X-ray refinements were employed for
chemical, thermal and structural characterizations. For the purest samples, obtained for
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. Abinitio calculations of the band structure of these three U3TGes compounds
wer e performed, showing nested Fermi surface which may be associated to the presence
of Dirac conesfor the magnetically ordered compounds, i.e.for T=Ti and V.

Keywords:. intermetallics, heavy fermion, magnetism, eleetriresistivity, specific heat,

electronic band structure.



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 & 53 K, Tsc = 0.75 K,
under pressure, P = 11.4 kBar) [1], URhGe € 9.5 K, Tsc = 0.25 K) [2] and UCoGeTE =
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 5tlectrons only. It has been recognized that despite, B&a-type,
orthorhombic,Cmmm and U'Ge, T = Co, Rh (TiNiSi-type, orthorhombid?nma) adopt
different crystal structures, they present similar features identified asfigite U zig-zag
chains with interatomic distances about 3.5 A at room temperaturéi ancdéred magnetic
moments lying on the zig-zag chain planes [4].

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 JiGe; [5]. This compound crystallizes in a hexagonal unit-cell (space
group P6/mcn) with the anti-CuH§Srs type. It presents infinite zig-zag chains of U atoms
that are running along the-axis, with interatomic distances of 3.462(1) A at room
temperature. It is a ferromagnet beloyw 376 K with a canted magnetic structure showing
ordered moments mainly aligned along ¢haxis with reduced antiferromagnetically coupled
contributions in theg,b) hexagonal plane [5].

The anti-CuHiSn;-type adopted by 4TiGes is an inverse ternary ordered variant of the
TisGa-type [6] adopted by the uranium binariesSb, [7], UsSn, [8] and UGe [9]. This
inverse arrangement is widely encountered in ternaries definédTas, with F= 4f or 5f
element, T= early transition metal and=XGe, Sn or Sb [10] and more especially, it generates
an extended family of isostructural uranium antimonide3 Sl 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 giGkes 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.



The present article reports about the formationniole new ternary t¥Ge; uranium
germanides withl = Zr, Hf, V, Nb, Ta, Cr, Mo, W and Mn crystallignwith the anti-
CuHfsSns-type structure. For the purest samples obtaindld thve 2l metals, namely Ge;
with T = V and Cr, some of their electronic properties given, along with the transport
properties of YriGeswhich have never been reported up to now. Furthespaocomparative
study between the band structure, electronic stractotal and partial densities of states for
the three YTGe; with T = Ti, V and Cr is presented. Altogether, the ekpental and
computational results sketch a complete pictureithee physical properties of this family of

compounds.

2. Experimental and computational details

Starting materials were turnings of U (99.7 %, CBMA batch ‘Jonquille’), Ti (Alfa
Aesar, 99.9%), V (Alfa Aesar, 99.9 %), Cr (Strer8,9® %), 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 (AKasar, 99.99 %), and Ge pieces

(Strem, 99.999 %). The elements were mixed in Biometric ratio and were melted in an

arc-furnace under a Ti/Zr gettered argon atmosphire cold buttons were turned and re-
melted three times at least to ensure a propeingedf the phase constituents. The resulting
ingots were characterized in as-melted state orthegted states after two distinct annealing
procedures. Long-term annealing was performed rapéeatures below 1200 K for dwell
periods ranging from two to four weeks. For thag ingots were introduced in silica tubes
which were evacuated under residual argon atmosgiedfore being flame sealed and placed
in resistance furnace. Short-term annealing wasechout in the temperature range 1473-
1673 K for about 6 hours. For this second type edithreatment, the master ingots were
placed under low Ar-pressure into a water-coolegpeo crucible surrounded by the working
coil connected to a high-frequency generator. Tleetcal power was increased until the
target temperature, measured by an IR-bichromaticrpeter, was reached.

Each bulk sample was analyzed by powder X-rayatiffon collected at room temperature
using a Bruker AXS D8 Advance diffractometef-2¢ Bragg-Brentano geometry,
monochromatized Cu d¢ radiation,A = 1.5406 A), equipped with a LynxEysstf detector.
The experimental diffraction patterns were analyzéd the help of the Le Bail and Rietveld

methods implemented in the FullProf suite [14].



The microstructure of the samples was examinedabished surfaces using a Jeol JSM
7100F scanning electron microscope (SEM) equippéd @ silicon drift detector energy
dispersive spectrometer (EDS) - X-Max 50 from Odfdnstrument - employed for the
elemental analysis of the various phases. Elementapositions were obtained by averaging
the values of at least three EDS analyzed zones; fiifferent areas of the sample. An
estimated deviation from the mean value is abait%.

Differential thermal analysis (DTA) was performend @ Setaram LabSys 1600 apparatus,
calibrated using the phase transitions and metengperatures of different pure metals (Al,
Cu and Fe). The measurements were performed inirgurucibles up/down, to/from
1873 K at heating/cooling rates of 5, 10 or 20 Kithiunder a 5 N purity argon flow.

Small single crystals suitable for crystal struetdetermination were picked up from the
heat-treated samples. The diffraction intensitiesencollected at room temperature on a
Nonius Kappa CCD four circle diffractometer workingith Mo Ka radiation (A =
0.71073 A). The integration and reduction of recamideflections of the different data sets as
well as the cell refinements were performed using SADABS software [15]. All the
structure refinements and Fourier syntheses wede wih the help of SHELXL-13 [16].

The magnetic properties were studied in temperaturge 2-300 K and magnetic fields up
to 5 T using a Quantum Design SQUID magnetometbe 3pecific heat and electrical
resistivity were measured at temperatures from 200 K using a Quantum Design PPMS
platform.

The electronic structures of3UGe; systems withT = Ti, V, Cr have been calculated
employing the fully relativistic version of the kgotential local-orbital (FPLO) method [17],
which includes all relativistic effects such as #pn-orbit (SO) coupling. The local density
or spin density approximation (LDA) or (LSDA) [18f the exchange-correlation functional
was applied without or with spin-polarization. leldiion orbital polarization correction
(LSDA+OPC) [19] were implemented to the U &ates, along with generalized gradient
approximation (GGA) [20]. The electronic configuoais of atoms used in the calculations
were the valence electrons automatically selecyeithd internal procedure. The experimental
lattice parameters and atomic positions e€tGe and BVGes (gathered in Tables 2 and 3)
were used whereas the structural data ¢fiGe; were taken from [5]. The FPLO code
yielded the Mulliken decomposition of charges, whis somewhat dependent on the orbital
used. The 12 x 12 x 12 size of the sele&tgubint meshes corresponded to 133 points in the

irreducible wedge of the Brillouin zone (BZ). Thana structures, total and partial densities

4



of states (DOSs), and Fermi surfaces (FSs) wergutad. The partial DOSs were obtained

for different atomic sites or electron orbitals gotdtted per formula unit (f.u.).

3. Results
3.1 Phase for mation

All the ingots were prepared by arc-melting thevedatal components with the nominal
composition YTGe; for T = Sc, Ti, V, Cr, Mn, Y, Zr, Nb, Mo, Hf, Ta, W andeRThe phase
formation and the purity of the samples were exachiby means of powder XRD and
SEM-EDS analyses for the as-cast and heat-tretdezb s

The CuHESr; antitype structure can be readily obtained bydlliselidification of the melt
with a yield above 95 % for = Ti, V, Cr and Mo. The impurity phases were ideed as the
binary uranium germanides, U&ar UGe for T = Ti and V and as some traces of the ternary
compounds Wl;Ge [21] for T = Cr and Mo. For the samples with= Mn, Zr, Nb, Hf, Ta
and W, the anti-CuHBn; type was observed in medium to low yield, but eysdtically in
presence of two secondary phases, at least. Tleesadary phases are mainly the ternary
extensions of the binary uranium germanides UG¢ 488 UGe [23] and the ternary phases
U,TsGe for T = Nb, Ta, Zr and W [24, 25] and UM@e, [26]. The samples witfi = Sc and
Y exhibit blurred microstructures comprising larg@nes of a fine-grain eutectic phase. The
corresponding powder X-ray diffractograms show clicaped patterns. Only the main
diffraction peaks could be indexed according téA#, type of unit-cell. For the sample with
starting composition 3U-1Re-5Ge, after subtractimg diffraction peaks of binary uranium
germanides, our efforts to index the remaining pea&re fruitless. The SEM-EDS analyses
confirm the polyphasic nature of the sample, wittaby uranium germanides and a ternary
phase having an elemental composition of about 285Re-41Ge in at. %.

Examination of the samples annealed at intermedatgeratures (below 1200 K) for
dwell periods up to four weeks mainly revealed mgtowth, but with rather similar features
in term of phases in presence compared to thesdsstade, except fofF = Mn. For this metal
a relevant increase of the;MInGe; content is observed, but still with the presentéhe
ternary extensions of Ugand UGe and UMiGe, ternary compound. Regarding the samples
with T = Sc and Y, the microstructural refinement asdedido the heat-treatment yields
samples with improved crystalline features andddrgmogeneous zones needed for precise
investigations. Obviously, they indicate the ungsstul synthesis of the inverse Cybifs

phases with these two metals. For the samplesthatother transition metal$,= Ti, Cr, V,
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Zr, Nb, Mo, Hf, Ta and W, these long-term annealimgcesses were useless to remove the
traces of the impurity phases fér= Ti, V, Cr and Mo and to promote further solictst
formation of the YTGe; phase foil = Zr, Nb, Hf, Ta and W.

The high temperature heat-treatments were alsadfmefficient to get rid of the impurity
phases in the samples with= Ti, V, Cr and Mo, but rather efficient to actigahe formation
of the U TGe; phase with the refractory metdls= Zr, Nb, Hf, Ta and W. In these samples,
the U;TGe; phase was found to be the major product, but wiith detectable secondary
phases. The sample with nominal composition ‘3U-bBe’ presents similar phases as
observed for the as-cast state, confirming the eoessful formation of the JJGe; phase
with this transition metal.

To summarize, the presence ofTGe; with T = Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W
was observed in as-cast ingots suggesting thabthsation mode occurs through a reaction
which may involve a liquid phase. The long-termtkiesatments performed at intermediate
temperature mostly induce microstructural refinetmewithout significant effect on the
UsTGes content in the samples, excluding a peritectoidienof formation. Finally the short-
term heat-treatments at rather high temperaturentdity activate the diffusion to promote the
formation of BTGe; phases, especially for the refractory metals. tAlse observations
suggest a peritectic mode of formation @ffGes. To ascertain this point, DTA measurements
were performed at temperatures up to 1823 K.

3.2 Thermodynamic behavior

DTA curves were recorded on heating and coolinghtierpurest samples of;Use; with
T=Ti, Cr, V, Mn, Zr, Nb, Mo, Hf and Ta. It shoulzk noticed that the liquidus and solidus
temperatures could be hardly recognizable. For rob#te samples, with = Ti, V, Cr, Mn
Zr, Nb and Mo, the curves show several endotheanit exothermic peaks with noticeable
temperature shifts between heating and cooling siodeggesting cascades of peritectic
transformations. Most of the endothermic peaks odoua narrow temperature domain
ranging from 1660-1740 K. This temperature zoneesponds to the range of the extensive
transformations existing in the U-Ge binary system50-75 at.% Ge [27] which therefore
hampers a straightforward assignment for mosteftridgnsitions.

For the %l transition metalsT = Hf, Ta and W) any significant endothermic peak be
detected, indicating that thesTGe; phase with these refractory metals has a decotiposi

temperature above 1823 K. It also confirms thatsimges of endothermic peaks observed for
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the other metals results from successive periteactions. Based on microstructural
analyses, it can be postulated thgT@e; phases decompose by peritectic reaction yielding a
binary U-Ge compound, most presumably being Y& a ternary I,Ge, phase, most
presumably being 4T5Ge,for T = Ti, V, Cr, Zr, Nb and Mo, at least.

The temperature of the peritectic decomposition weBned as the onset of the first

endothermic peak. The transition temperatureswarersarized in Table 1.

3.3 Crystal structure

The UTGe; family with T= Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W crystals in the
P6s/mcmspace group (no. 193) and adopts the anti-Gaidftype of structure. The crystal
structure of YvGes and BCrGe, was refined from single crystal XRD data, with gden
crystals extracted from crushed annealed ingots. a&tbmic positions of 4TiGes [5] were
taken as initial structural model. Some refinedstaly parameters and further details of the
data collections are summarized in Table 2. Fimdlles of the positional and displacement
parameters are given in Table 3. As an illustrabbthis crystal structure often described in
the literature [11-13 and references therein],uhie-cell of U;VGes is shown in Fig. 1a. The
transition metal atoms are 6 coordinated by Ge atama regular octahedral geometry
whereas the U atoms are surrounded by 9 Ge atonet Wdrm a heavily distorted tricapped
trigonal prism. Two adjacent [UGe9] polyhedra camsieby sharing a triangular face. Along
the c-direction, the anti-CuHBn; type is characterized by infinite linear chainsToAtoms
resulting from the face-sharing ofGe6] octahedra and infinite U zig-zag chains witGia
tunnels of rhombus section. The interatomic distanwithin the linear chains af atoms
correspond to halt parameter. The zig-zag U-chains (Fig.1b) displayabmost constant
angle of 111(1)° for interspacing ranging from &@2 for T = Cr to 3.523(1) forT = Zr.
Comparing with the U-chains in ferromagnetic supeductors, these distances are
significantly smaller than those in Ug@y.y = 3.82 A) but in the range of those found in
UCoGe and URhGe (d, = 3.48 and 3.50 A, respectively), while the angléntermediate
between those in the binary 63.8°) and the ternariess156 — 160°). In thea(b) plane
(Fig. 1c) the U atoms form a triangular networkhaiitvo distinct U-U distances, short ones
being below 4.6 A (solid line) and the long onembeabout 5.6 A (dotted line).

The lattice parameters of the nine new phases alathgthe ones of iGes were refined
from powder XRD data using a global approach fa fitting of profile parameters on
multiphase samples. Table 4 gathers the latticanpaters of the family of germanides, and
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Fig. 2 displays their evolution as the functiortted metallic radius of the transition meta) (r
outlining a monotonic trend with the exception = Mn. For the uranium antimonides
U3sTSh; [11-13], similar features are observed in terms& &mooth expansion of the lattice
parameters withtrand an anomaly fof = Mn. For both series of compounds, the lattice
parameters and the unit-cell volume for all the poomds remain in narrow ranges, pointing
out steric effects as important factors in the phfasmation of the ternary compounds with
the anti-CuH{Sns-type of structure.

3.4 Physical properties

For the purest samplese. those containing more than 95 vol. % of thgl@Ge; phase,
obtained for the @ metals T = Ti, V, Cr) a detailed study of the electronioperties was
carried out. The transport and magnetic propestiese investigated by means of electrical
resistivity, specific heatjc andac-susceptibilities. Their results are presentedhénfollowing

subsections and fitting parameters summarized loheTa

3.4.1 Magnetic properties

Fig. 3a displays the inverse molar magnetic sugumépt of U3sVGes as a function of
temperature. Above about 40 K, thg,(T) curve exhibits a nearly linear behavior and can

be described by a modified Curie-Weiss law:

(1)

T)=x,+
Xmol( ) XO T_HP

whereC is the Curie constanép is the paramagnetic Curie—-Weiss temperatureyamsl the
temperature independent contribution of Pauli pagmetism of conduction-band electrons
and core diamagnetism. Least-squares fits of egudfi) to the experimental data yield the
valuesC = 20.9 cmiK mol™, 6p = 23 K andy, = 3.08 1¢ cn®mol™. The effective magnetic

nguc’;'f (whereup, Na andkg are the magnetic permeability of free space, the
olVA

moment,ueff ==

Avogadro’'s number and the Boltzmann’s constantpeesvely, andn is a number of
magnetic moments per formula unit) is equal to Zug4er U-atom. Such value is much
lower value than those expected fdt &onfiguration of 3" and 5* configuration of U* free
ions (3.62ug and 3.58:s respectively), and hence it suggests the paréladlization of the
magnetic moments of uranium, being in line with tieserved positive and non-negligible

value ofyo. However, it should be taken into account thad Hpproach neglects completely



the crystal field effect, which is usually presenturanium intermetallics and can also lead to
the reduction of the effective magnetic moment.

Despite the positive value ofp, suggesting predominant ferromagnetic interactions
between the magnetic moments of uranium atorg¢@3és orders antiferromagnetically at the
Néel temperaturely = 25 K, which is manifested as a distinct cusg-ligtnomaly in
temperature variation of the molar magnetizatMpo(T) (upper inset to Fig. 3a). Some
bifurcation of theMn(T) curves between the zero-field-cooling (ZFC) aiettfcooling (FC)
regimes suggests the presence of a tiny ferromago@tribution. Such a contribution may
result from a small tilt between antiparallel ferragnetic layers, associated with a canted
magnetic structure.

Field dependence of the magnetization confirms ahferromagnetic character of the
ordering (lower inset to Fig. 3a). In particulaeldw about 1 T the magnetization of\5e5
increases linearly with risingioH, as expected for antiferromagnets. Subsequent rapi
increase oM, With some magnetic hysteresis between about 13ahdfollowed by clear
tendency to saturation in higher fields, maniféstsl-induced metamagnetic phase transition
from an antiferromagnetic to a ferromagnetic-likats. Assuming that at 5 T a single-domain
model with all the magnetic moments parallel oeents achieved, the measured value of
Mmoi(5T) = 12.4 J T mol ™’ yield the magnitude of the ordered magnetic momegtas being
equal to 2.23ug per formula unit (i.e. 0.7z per U-atom). This significantly reduced value
may be correlated to crystal field effect in thenpmund, as already hypothesized.

Results of the magnetization measurements caraedovarious magnetic fields (Fig. 3b)
confirm the magnetic properties ogWGes: the curves measured at 0.1 and 0.5 T have clearly
antiferromagnetic character, whid(T) measured at 4 T shows smeared Brillouin-like shap
characteristic of field-induced ferromagnets. Terapge variation of theac-magnetic
susceptibility of WWGes measured in zero magnetic field (inset to Fig. &ibits distinct
anomaly in the real part of the susceptibilify) (associated with featureless imaginary
componentx"), hence confirming the antiferromagnetic grogtate of the compound.

Magnetic properties of 4€CrGe are summarized in Fig. 4. At high temperatures the
inverse molar susceptibility of the compound cardbscribed by the modified Curie-Weiss
law (Eg. 1) with the fitting parametei® = 23.2 cmiK mol™ (yielding uer = 2.22 ug),
0p= - 54 K andyo = 3.54 x 1F cmmol™. The effective magnetic moment is even lower than
in UsVGes, which is also in line with largef. Enlarged negative paramagnetic Curie-Weiss

temperature points to an antiferromagnetic charaftéhe interactions between the magnetic
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moments. Downward deviation of the experimentavedrom the Curie-Weiss law is clearly
seen below about 120 K followed by an upturn ingh&(T) curve at the lowest temperatures
(upper inset to Fig. 4). The upturn could be astibo ferromagnetic-like ordering at about
25 K, being in line with some ferromagnetic hyssessebserved iM(H) (lower inset to Fig.
4). However, no trace of any phase transition wetealed in either specific heat or electrical
resistivity data (see below). This leads us todtweclusion that the observed low-temperature
magnetic properties are most probably not intrinsic

3.4.2 Specific heat
Fig. 5 shows the specific he@s of UsTiGes, UsVGes and BCrGe measured as a function

of temperature in zero magnetic field. Experimertatves collected for the two former
phases show distinct anomalies corroborating thlke teuromagnetic ordering in 4JTiGes at

Tc = 73 K and the antiferromagnetic one igM&es; at Ty = 25 K, being in perfect agreement
with the other measured physical properties. Astiorad above, no anomaly has been found
in Cp(T) of UsCrGe;, which confirms the absence of long-range magnetitering of the
compound. Due to a lack of an isostructural nonretigrmeference, a further analysis of the
specific heat of all the studied systems must ioédid to very low temperatures, at which the
phonon contribution to the specific heat follows ttonventional Deby&-law:

%: y+ BT 0

wherey is the Sommerfeld coefficient anﬁl:1944%93 (r — number of atoms in the formula
D

unit, ®p — Debye temperature) [28].

As can be inferred from the lower inset to Figthe Cp(T) curves of UTiGes and BVGes
(plotted asCy/T vs. T show linear behavior below about 6 K. This lownperature domain
can be described by Eq. 3 where the second teri&qof2 is developed for the magnon
contribution in magnetically ordered system. Onlgr fUsTiGes where the ordering
temperature is relatively high, it can be assunmteat tontribution of the ferromagnetic
magnons is negligible in the considered fittinggar(ratio about 12). Least-square fits of
Eq. 2 to the experimental data (see the lower itedtig. 5) yielded the parameters=
105 mJ mof K2 (or 35 mI maJ*K? ) andp = 0.7 mJ mot K™ for UsTiGes. The Debye
temperature, estimated using the latter paramistequal to 292 K, which is quite reasonable
value for uranium germanides [29]. The moderatelprgedy value suggests the presence of

some electronic correlations inTUGes.
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In UsVGes the ordering temperature is much lower. Therefive contribution of the
antiferromagnetic magnons cannot be neglecteddrfitting range. In fact, the slope of the
linear dependence i€y/T vs. T? of this compound is larger than in the system wiith
Assuming tha®p of all three isostructural systems is nearly thmas, one can fit th€p(T)/T
curve of BVGes by the formula:

P =y T2 G T2 3

in which the third term describes conventional fantomagnetic magnons contribution to the
specific heat [28] ang is fixed on the value obtained fosTIGes. The least-squares fits of
Eq. 3 to the experimental data yielded fojVGes the parameterg = 340 mJ motK™ (or
113 mJ ma}*K?) andaarm = 0.9 mJ motk™ (lower inset to Fig. 5). It is worth noting that
the y coefficient of the V-bearing system is more thhreé times larger than insUGes,
which suggests stronger electron-electron intevastin the former compound, being in line
with its lower magnetic ordering temperature.

As can be seen in the upper inset to Fig. 5, tketémperature behavior of the specific
heat of UCrGe; differs from that observed inUiGes and WBVGes: it shows a distinct
increase inCy(T)/T with decreasingl. Such an upturn can be considered as manifesting
critical spin fluctuations associated with magnepbase transition at absolute zero
temperature. Indeed, the experimental data sedolltav the theoretical predictions for such
systems — they can be described by the formula:

%:y*+ET2+5T2|nT (a)

where f* = —0InTss andy* is the y coefficient enhanced by rising an effective mass o
conduction electron due to the fluctuation prodess.g.[30, 31]). Least-squares fit of Eq. 4
to the experimental data (solid line in the uppeset to Fig. 5) yielded the parametgrs=
510 mJ motK™? (or 170 mJ m@*K?), g* = =6.6 mI mofK*andd = 2.8 mJ motK™.
Usingf parameter found for 4TiGes one can estimate the spin fluctuations temperauges

to about 14 K. The value off in UsCrGe; is similar to the reported ones for UGe
(137 mJ ma}* K™ [29] and the canonical spin fluctuator YAL45 mJ ma}™* K™) [32].

3.4.3 Electrical resistivity

Fig. 6a displays temperature dependences of tiotriebd resistivityp(T) of UsTiGes,
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UsVGes and UCrGe. Above about 100 Kp(T) of all three compounds are weakly
temperature dependent. At low temperatures distamtmalies followed by a drop of
confirm the bulk magnetic ordering ofsUGe; and UVGesat Tc = 73 K andTy = 25 K,
respectively. The anomalies are well visible alsohie first derivative of the resistivityp 4T
of both compounds displayed in the inset to Fig.Téee lack of any sharp anomaly(T) as
well as in @(T)/dT of UsCrGe; is in agreement with its featureless specific heead thus
supports a paramagnetic ground state for this camghan turn, the overall shape of {h@)
curve of BCrGs; is characteristic of intermetallic systems exImigtspin fluctuations, as.g.
.UAl, [33], UPt [34], UNi,Al3 [35] and many actinide or lanthanide Laves phd8é$.
Hence it strongly bears out our hypothesis on tiesgnce of spin-fluctuations insCrGe,.

As can be inferred from Fig. 6p(T) of the ferromagnetically orderedsUGes follows in
the ordered region the theoretical predictions &ectron scattering on ferromagnetic
magnons. In particular, th&T) curve can be described below about 35 K by thendida

developed for anisotropic ferromagnets [37]:
PT) = oy + aT+ BTAL+ 2 expE-2 ) 5)

wherepg is the residual resistivity, the second term dbssrthe electron-electron scattering,
and the last term represents the scattering otdneluction electrons on magnons witlh a
gap in the magnon spectrum. Least-squares fit obHQ the experimental data (solid line in
Fig. 6b) yielded the parametaig= 40.8uQ cm,a = 0.074uQ cm K2, b = 0.346uQ cm K?
and4 =92 K.

Performing analogical analysis for the antiferrometgcally ordered b/Ges would not be
reliable due to the too low value ®f. As a consequence, the drop of the resistivityas

fully developed in the studied temperature range.

3.5 Electronic band structure.

The fully relativistic total and partial DOS’s ofon-magnetic (LDA) states of JIGe;
systems withl' = Ti, V and Cr, are displayed in Fig. 7. The ovenattallic-like DOS’s are
similar for the three compounds, showing that ve¢ealectrons of all the constituent atoms,
U 5f (6d), Cr/Ti/V 3d, Ge &p are present at the Fermi lev&k)(. However, in this region,
located between the Fermi level and about -3 eVthef binding energy, the predominant
peaks come from the Ufdp states, originating from the three U atoms per They are

distant by about 1.0 eV from the unoccupiedfg,®nes and are slightly delocalized due to
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hybridization with theTl 3d states. The calculated Sommerfeld coefficientgaedively large
with comparable values of = 72.2, 74.5, 84.0 mJ mbK™ per f.u. forT = Ti, V and Cr,
respectively. The continuous increase in the nadatatio of the corresponding experimental
specific-heat values to the calculated onég, = 1.5, 4.6, 6.1, reflects well established
electronic features for U-based intermetallics. Tdwest fraction factor of 1.5 obtained for
U3TiGes, is typical of weakly correlated electron systef®8] whereas the highest one but
still moderate factor of 6.1 obtained fog@iGe; outline the presence of spin fluctuations.
For the three electronic structures, it has beendahat the uranium atoms transfer some
electrons (~1.65 per U at.) to Ge ones loweringragmathers the numbers of &lectrons My
from the nominal value 3 to about 2.75. Similadlge nominal numbers of the valence
electrons of th@ atoms, Na = N3g + Ngs= 4, 5 and 6 foil = Ti, V and Cr, respectively were
found systematically smaller than expected, witlues of Ng = 3.11, 4.17 and 5.41. The
origin of the significant reduction of the DOS bE&fl atoms at the vicinity of the Fermi level
resides in two additive effects) ¢ghe hybridization of thd 3d wave-functions with the U
5f(6d) and Ge 4p ones andi) some charge transfer from tfieatoms to the Ge ones. The
part of the charge transfer remains almost constaroing the three transition metals, whereas
the hybridization effect increases from Ti to V aodCr, (with increasing the real number of
3d electrons) as illustrated in Fig. 7. Such evolutad the hybridization effect arising from
theT atoms may reflect the change of the magnetic bebawf the three compounds.
Assuming collinear magnetic moments along ¢haxis, some ferromagnetic states (FM)
have successfully been obtained self-consisteniing different exchange-correlation
functionals, only for YTiGes and BVGes. However, for LSDA and GGA applied to both
systems, the total ordered uranium magnetic mom@ltgiven per U-atom and oriented
along thec axis), are almost zero (0.01 and Qg respectively), resulting from an almost
complete cancellation of their spin and orbital neorts due to an anti-parallel coupling. Only
LSDA+OPC functional yields reasonable values aftaltU magnetic moment. ForsUGes,
it is equal to 1.154 (with spin 1.70ug and orbital -2.8%ug contributions), in agreement with
the reported experimental neutron-diffraction vatiel.00(7) s [5]. Similarly, for UsVGes
the total ordered uranium magnetic moment amownisG9 s (with spin 1.75u5 and orbital
-2.84 ug moments) in line with the field-induced FM statkstected in the magnetization
measurements (Fig. 3a). The occurrence of magnetinents carried by U-atoms only is in
agreement with the results obtained for the isctimal compound LZrShs, studied by

different band structure methods [39].
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Fig. 8 presents the spin-polarized DOS'’s of bo#iiGes and BVGes compounds in the
FM states calculated with LSDA+OPC. In the vicinyEr, the U spin-up channels are much
higher than the spin-down ones, yielding almost-tradtallic systems. The corresponding
bandplots, displayed in Figs. 9b and c in the egpdrnscales for LSDA+OPC, exhibit many
peculiarities of Dirac-cone-like structures aroligd as enlightened by red circles. Their non-
trivial topologies which bear some resemblance witie band structure of the twisted
graphene lattices [40] is very unique for uraniwstems. Noteworthy, these features of the
band structure in the ordered state are lackingerparamagnetic one. in the nonmagnetic
(LDA) states for all three compounds as depictetha bandplots calculated forsCrGe;in
Fig. 9a. However, the assumption of the presencethef Dirac-cones needs further
experimental evidence by means of angle-resolveatogiectron spectroscopy (ARPES)
measurements, as an example.

Fig. 10(a-c) display the computed (LDA) Fermi suds of the three compoundsT&es
comprising as many as five or even six (o= V) sheets which originate from Kramers
double-degenerate bands. The sheets coming frontother bands form hole-like closed
pockets, centred at the point, which possess different volumes and possibteks along the
I'M line. Conversely, the sheets derived from the uppads have electron-like character and
are open within hexagonal planes in the BZ. Theasibn is radically changed for the FS
sheets obtained with LSDA+OPC for the magneticaliyered phases with = Ti and Vas
seen in Fig. 10(d,e). Although now the number of di®ets, originating from bands with
lifted up Kramers degeneracy, increased only byfoneach compound but the majority of
the sheets changed their topology from three-dimeatto quasi-one-dimensional. Namely,
they are almost planar within the hexagonal plaase# metallic interactions were reduced
mainly to directions parallel to theaxis, probably due to some orbital ordering aldmg

zig-zag chains.

4. Discussion / Conclusion

The series of ternary uranium transition metal gamntles, WTGe; crystallizing with the
inverse CuHéSns-type (hexagonalP6y/mcmspace group) have been extended by nine new
members withT = V, Cr, Mn, Zr, Nb, Mo, Hf, Ta and W, in additioto the previously
reported one, YiGes. All the compounds readily form with transition tae T of column 4

to 7, with this exception of Re. Our efforts to pmee an analogous ternary uranium
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germanide withl = Sc (column 3) were unsuccessful despite an psody compound existing

in the ternary uranium antimonide series. Thedatfparameters of the uranium germanide
family linearly evolve with the metallic radius tife transition metals, as similarly observed
for the WTShs compounds. It emphasizes that the germanide ahoh@mde branches of
these U-based isostructural compounds form foryetaansition metals according to both
steric effects related to thHe/ X (X = Ge, Sb) atomic radius ratios and electronic tofinthe
transition metals in the sense of electron poolafaet

Combined investigations of metallographic obseorsti using SEM images,
semiquantitative analyses by EDS, identificationpbfse transitions by DTA and single-
crystal refinements indicate that the ternary wranitransition metal germanidessTGe;
should be regarded as line-compounds forming bitgo#ic reaction. The phase formation
involves at least a binary uranium germanide, bemogt probably UGg as solid phase. The
transformation may occur with the,T3Ge, compounds as second solid phase;TferCr, Zr,
Nb, Mo, Hf, Ta and W at least. The reaction tempges were evaluated above 1529(5) K
which constitutes the lowest decomposition tempeeatound forT = Mn.

The electronic properties were measured by meaas ahddc susceptibilities, electrical
resistivity and specific heat on polycrystallinengdes forT = Ti, V and Cr having a 4TGe;
phase content above 95 vol.%. In the absence ohamagnetic analogue to extract the lattice
contribution, a single value of the Debye tempemi@p = 292 K, was assigned for all these
isostructural ternary uranium germanides. This @alias extracted from the specific heat of
U3TiGes, by considering a modified Debye model which inlgs the magnon contribution, at
very low temperature. Our measurements confirm fémeomagnetic ordering of {JiGes
below Tc = 73(1) K, and establish for the first time iteetmal and electrical resistivity
behaviors. The Sommerfeld coefficiept= 35 mJ mal* K? evaluatedfrom specific heat
suggests moderate electron correlations at low éeatpre.

UsVGes has to be regarded as an antiferromagnet b&lpw 25 K, but with an imperfect
anticollinear arrangement of the magnetic momentsva temperature. A spin-flip transition
associated to a narrow hysteresis loop is obseb&tdeen 1 and 3 T in the isothermal
magnetization curves measured Tat= 2 K. The magnetic ordered moment per U-atom
amounts to 0.74iz. In the paramagnetic domain, the effective magnetment per U-atom
amounts to 2.641z, a rather reduced value also. From the specifizt In@easurement a
moderately large Sommerfeld coefficient,= 113 mJ maJ*K? was estimated, indicating
stronger electronic correlations than igliGes.
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The paramagnetic ground sate ofQUGe; is clearly brought out in all the physical
measurements. The temperature dependence of ttieicakresistivity displays a concave
down curve, which is reminiscent of metallic syssewith strong spin fluctuations. The low
temperature evolution of the specific heat folloastypical model developed for spin
fluctuations near magnetic ordering. The estimat8dmmerfeld coefficienty =
145 mJ mal~* K™ obtained from the low temperature behaviour ofcijseheat qualifies
UsCrGe; as a moderate heavy fermion.

The considerable enhancement of the effective nodissonduction electrons at low
temperatures along with a constant decrease ofmhgnetic exchange interactions when
increasing the number of valence electrons of ttigréhsition metald.e. from Ti to Cr,
suggested an increase of the uranfeefectron hybridization with thp- andd-electrons from
germanium and thed3transition metals.

Within this 3J-element series, the U-U distances (from about 8.48r T = Cr to 3.48 A
for T = Ti) and angles (about 111°) along the U-zig-zhgins are almost the same and
cannot thus be considered as the main driving fofcthe physical properties. Substantial
band structure calculations were thus carried ath the help of density functional theory
using the full-potential local-orbital method (FPL@ the fully relativistic mode. At the
Fermi level, the valence electrons of all the ciomsbts U 5 (6d), Cr/Ti/V 3d, Ge 4&p
participate to the subbands, but the main coniobutomes from the Uf§, states which are
slightly delocalized due to hybridization with the3d states. The results of the band structure
calculations nicely reproduced the experimentah dat the physical properties outlining the
main influence of th& atoms on the magnetic and electronic behaviothefsTGe; with T
= Ti, V and Cr compounds. Noteworthy, the bandptaftdoth UTiGes and BVGes in the
magnetically ordered states, reproduced with tHp b&the orbital polarization correction,
exhibit many peculiarities of Dirac-cone-like sttu@s around the Fermi level.

Such assumption of the presence of the Dirac-cnaeds further experimental evidence.
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TABLESAND TABLE CAPTIONS:

Table 1 Temperature of peritectic transformation of thd®e; compounds. The values are given

with an absolute error of + 5K.

UsTGs;, T Ti \% Cr

T (K) 1676 1698 1607

Mn Zr Nb Mo Hf

Ta

1529 1667 1654 1677

Table2 Single crystal XRD data and structure refinenmarameters for W Ges and UCrGe

compounds.

Chemical formula

Formula weight (g mal)

WGes

Crystal system. space group
Cell parameters (A)

Z. density (g cim)
Abs. coef. (cri)

drange (°)
Limiting indices

Collected/unique reflections
R(int)
Abs. correction
Data / restraints / parameters

Goodness of fit onF
Residual factors* [I>2(1)]

Largest difference peak/hole &)

UsCrGe;
1127.98 1129.04
HexagoR&j/mcm
a = 8.466(1) a=8.427(1)
¢ = 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<1<10 -10<1<10
4789 1 477 70330 47
0.0955 0.0943
Semi-empirical, SADABS
47710/ 14 14y014
0.947 1.115
R, =0.028 R, = 0.0309
wR; = 0.0506 wR; = 0.0596
3.113; -4.576 3.598; -4.845

*R(F)=>" | -[FdfFd (for F>20(F?) wR= =[> w(rz-F2)*/wre]

with w = [A(F2) + (Ap)® + Bpl, p = [max(F2,0)+ 2 F2]/3



Table 3 Atomic positions and equivalent isotropic displaeat parameters for;MGe; and UCrGe..

Atom Wyckoff x y z Ueq(A2)
position

u(1) 69 0.6146(1) O Vs 0.007(1)
Ge(l)  6g 0.2587(1) 0 Ya 0.007(1)
Ge(2)  4d 1/3 2/3 0 0.007(1)
V(1) 2b 0 0 0 0.005(1)
u@) 69 0.6143(1) 0 Ve 0.007(1)
Ge(l)  6g 0.2566(1) O Y, 0.008(1)
Ge(2)  4d 1/3 2/3 0 0.007(1)
Cr(1) 2b 0 0 0 0.005(1)

Table 4 Lattice parameters for the;sUGe; series refined from powder XRD data using the bd B

method.
UsTGe; Ti Vv Cr Mn Zr
a(A) 8.501(1) 8.460(1) 8.418(1) 8.521(1) 8.6896
c(A) 5.713(1) 5.651(1) 5.659(1) 5.738(1) 5.800
UsTGe; Nb Mo Hf Ta W
a(h) 8.523(1) 8.453(1) 8.570(1) 8.514(1) 8.452
c(A) 5.736(1) 5.695(1) 5.824(1) 5.729(1) 5.692
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Table 5 Summary of the main physical parameters gfGeg; for T = Ti, V, Cr and Mo. The

equations (1-4) leading to these values are destiibthe text.

Compd. Magnetic data Specific heat data LDA

~ T >
i o 2 2 —~
o S o o N N
S £ £ g ¢ x
5 2 E > % 2

) = = < > o < < 2 X £

= = 5 <~ & ©& £ & E 3 =

O =< = e > &} fes) o w =

UsTiGes FM -* 224 74 105 0.7 292 - - - 72.2

UsVGes AFM  3.08 2.64 23 340 07 292

o
(o}
1
1
~
A
(&)

UCrGeg SF 354 222 -54 510 -6.6 - - 28 14 84.0

FM: ferromagnetic; AFM: antiferromagnetic; SF: sifiiactuator; * from [5];® fixed to
UsTiGesvalues
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FIGURE CAPTIONS:

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

stand for the U-U distances of 4.554(1) A and 5.é(lrespectively.

Fig. 2 Evolution of the lattice parameters and unit-aglume of the YTGe; series as the

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

Fig. 3 (@) Temperature variation of inverse molar magnstisceptibilityymo ™ of UsVGes
measured in an external magnetic fightH; solid line is a fit of Eqg.1 to the experimentaital.
Upper inset presents molar magnetizatidro(T) measured in zero-field-cooling (ZFC) and
field-cooling (FC) regimes; solid curves serve aglgs for the eye and the arrow marks the
ordering temperaturdy. Lower inset:Mno VS. H measured in the ordered region with
increasing and decreasing magnetic field (open @dosed symbols. respectively); straight
lines are added to emphasize the linear charattheanagnetization below the transition and
arrows indicate the direction of field changgs. Low temperature dependenceMyo(T) of
UsVGes taken in variougiH (for the sake of clarity the values bf,o measured in 4 T are
multiplied by 0.25)Inset displays the temperature dependence of y@ar(d imaginaryy")
components of the AC magnetic susceptibility meadwat temperatures below 40 K using
AC magnetic fieldiwHac of a frequencyac; solid lines serve as guides for the eye and arow

mark the ordering temperatufg,

Fig. 4 Temperature variation gfo " of UsCrGe;; solid line is a fit of the modified Curie-

Weiss law to the experimental data. Upper inseseats the low temperature dependence of
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Mmo. Lower inset displaydmo measured at 2 K with increasing and decreasingnetay

field (open and closed symbols, respectively); wsrandicate the direction of field changes.

Fig. 5 Temperature dependence of specific Hedll) of UsTiGes, UsVGes and BCrGe,.
Arrows mark the ordering temperatures. Insets piteGg' T vs. T2. Dashed, dotted and solid

lines are fits of EQs. 2, 3, and 4, respectivalyexperimental data.

Fig. 6 (a) Temperature variation of electrical resistivitfT) of UsTiGes, UsVGes and
UsCrGe. Inset displays the temperature derivatives of rbsstivity ¢/dT plotted as a
function of T. (b) Low-temperature dependence of the resistioitsTiGes together with a

fit of Eq. 5 to the experimental data.

Fig. 7 Total and partial DOS’s of sTGe; systemsvith T = Ti (a), V (b) and Cr (c) calculated

for their non-magnetic states (LDA).

Fig. 8 Total and partialspin-polarized DOS’s calculated forsTUGes (a) and WVGes (b)
compounds in their ferromagnetic states (LSDA+OR@GY drawn separately for spin-up

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

Fig. 9 Bandplots calculated for non-magnetic (LDA);Q3Geg (a) and ferromagnetic
(LSDA+OPC) UTiGes (b) and WVGes (c) systems. Note that the energy scales are erplan
in parts (b) and (c) with respect to (a). Some ®Brane-like structures are selected in red

circles.
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Fig. 10 Fermi surface sheets of non-magnetic (LDA) stabedkTiGes (a), UsVGes (b) and
UsCrGs; (c) originating from Kramers double-degeneratedsaas well as of ferromagnetic
(LSDA+OPC) states for 4TiGes (d) and WBVGes (e) coming from Kramers non-degenerate
bands. The FS sheets are drawn separately withihghagonal BZ boundaries. Green (dark)

and yellow (light) sides of the surfaces adjoircelen and hole states, respectively.
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b)

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

stand for the U-U distances of 4.554(1) A and 5.(lrespectively.
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Fig. 2 Evolution of the lattice parameters and geit volume of the YTGe; series as the

function of the atomic radius of the transition aleThe solid lines serve as guideline only.
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Fig. 3 (a) Temperature variation of inverse molar magnstisceptibilityymo > of UsVGes
measured in an external magnetic fighth; solid line is a fit of Eq.1 to the experimentaital.
Upper inset presents molar magnetizatibr,(T) measured in zero-field-cooling (ZFC) and
field-cooling (FC) regimes; solid curves serve aglgs for the eye and the arrow marks the
ordering temperaturdy. Lower inset:Mpyo vVS. H measured in the ordered region with
increasing and decreasing magnetic field (open doged symbols. respectively); straight
lines are added to emphasize the linear charattheanagnetization below the transition and
arrows indicate the direction of field chang@s. Low temperature dependenceMyf(T) of
U3VGes taken in variougwH (for the sake of clarity the values b, measured in 4 T are
multiplied by 0.25)Inset displays the temperature dependence of y@ar(d imaginary ")
components of the AC magnetic susceptibility meadwat temperatures below 40 K using

AC magnetic fieldiHac of a frequencyac; solid lines serve as guides for the eye and arow
mark the ordering temperatufg.

28



14 B —— — | |
= USCrG €5
12 .z |
= LoH=05T
2E
= 10} 2
2 8 1 1 i "':': I 0 e y
o 10 20 30 40 50 =
E | 7 Ttk e .
o 6 ,
©
E
< 4
2
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Fig. 9 Bandplots calculated for non-magnetic (LDRACrGe (a) and ferromagnetic
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Fig. 10 Fermi surface sheets of non-magnetic (LDA) stated kTiGes (a), UsVGes (b) and
UsCrGe; (c) originating from Kramers double-degeneratedsaas well as of ferromagnetic
(LSDA+OPC) states for TiGes (d) and WVGes (e) coming from Kramers non-degenerate
bands. The FS sheets are drawn separately withihghagonal BZ boundaries. Green (dark)

and yellow (light) sides of the surfaces adjoirceien and hole states, respectively.
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