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Th;IrsGe,3 and U IrsGey; crystallize with primitive cubic Tm3;Co,Ge;3 and noncentrosymmetric thombohedral
HT-Y;Pt;Ge;; type of structures, respectively, which are derivatives of the cubic Ybs;RhsSn;; prototype.
Measurements of magnetic susceptibility, electrical resistivity, specific heat, thermopower, and thermal
conductivity reveal that Th;IryGe;s is a diamagnetic bad metal and undergoes a first-order phase transition
at ~200 K. Charge-density wave (CDW) and structural phase-transition scenarios for ThsIr,Ge,; are discussed.
UslIryGeys is Curie paramagnetic (ueg = 4.05 pg) and orders ferromagnetically at 7 = 15 K. For U;Ir,Ge,; the
oxidation state of U is investigated by x-ray absorption spectroscopy. The U 5 f electrons in this compound are

predominantly of itinerant nature.
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I. INTRODUCTION

The primitive cubic YbsRhsSnj; type of structure was
discovered in the early 1980s by Remeika and co-workers
[1]. Its structural arrangement belongs to the group of the
so-called cage compounds, where positively charged filler
atoms are situated inside large cavities within the covalently
bonded atomic framework. Prominent representatives of such
structural motif are clathrates and filled skutterudites. The
combination of different types of chemical bonding as well as
“rattling” effects lead to several exciting physical phenomena
making intermetallic cage compounds an object of intensive
investigations. More than 100 ternary intermetallic compounds
containing fillers like yttrium, alkaline earth (AE), rare
earth (RE), some actinides and frameworks consisting of d
elements of subgroups 8-10, as well as such p elements
as In, Si, Ge, Sn, and Pb have been shown to crystallize
with YbsRhsSn;3 type of structure [2]. In the last few years
special attention was paid to the tin-containing compounds
AE3TM4Snyz (AE = Ca, Sr; TM = Rh, Ir). Being super-
conductors with 7, = 7 and 5 K, CazIrysSn;s and Sr3IrsSnys
show a second-order superlattice distortion associated with
a charge-density wave (CDW) transition at 7* = 33 [3] and
137 K [4], respectively. In both cases, these transitions can
be completely suppressed to zero temperature combining
chemical and physical pressure leading to a quantum critical
point observed in (Ca,Sr|_,)3Ir4Sn;3 [5,6]. A recent study
also shows that a second-order structural transition at 7* =
138 K in Sr3Rh4Sn;; (superconductor with 7, =5 K) can
be suppressed by applying physical or chemical pressure
(e.g., substituting Ca by Sr). This makes the solid solution
(Ca,Sri_,)3RhySn;3 an important system for the understand-
ing of the physics underlying structural quantum criticality
[7].

A number of publications was also devoted to intermetallic
compounds with 3 :4 :13 composition containing the ac-
tinides Th and U. Such phases are of special interest due to
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the dual nature of the U 5 f electronic states, which can be
localized or/and itinerant causing unique physical properties.
A series of U-containing U3M4Ge3 (M = Ru, Os, Rh, Ir)
compounds crystallizing with primitive cubic YbszRhsSn;3
type was studied in Ref. [8]. Us;RusGe;3 was shown to
be a Kondo system. No magnetic order was detected for
U30s4Ge 3 down to 4.2 K. In contrast, UsRh;Ge;3 orders
antiferromagnetically at Ty = 22 K, while UslrsGe;s is a
ferromagnet with T¢ = 15-17 K [8]. The powder x-ray
diffraction patterns of these compounds show a split of the
(hhh) reflections corresponding to the Pm3n space group and
thus do not crystallize with YbsRh4Sn3 type. The compounds
Th3M4Sni3 (M = Ru, Os, Co, Rh, Ir) were studied in Ref.
[9]. Superconducting transitions are observed for Ru-, Os-,
Rh-, and Ir-containing stannides at 5.7, 5.6, 1.7 [1], and
2.7 K, respectively. U3Rh4Sn;3 is reported to be a magnetically
ordered heavy-fermion compound [10]. Recently we success-
fully prepared compounds showing different variants (cubic
Ca3Pty,,Gej3_y, tetragonal YbsPtyGey3 [11], rhombohedral
HT-Y;Pt4Ge3 [12], and monoclinic LT-Y;Pt;Ge3 [13]) of
structural distortion of the initial primitive cubic Yb3RhsSn 3
prototype, all having interesting physical properties. UsIrsGe 3
seems to extend this series of the Yb3RhySn;3 derivatives.
Taking into account that almost all 3 :4: 13 compounds
containing Th are superconductors and looking for an appro-
priate reference compound to deeper understand the physical
properties of UslryGe;s, we investigated also Th3IrysGe;3. In
this work we report on the room-temperature crystal structures,
and the magnetic, thermal, and transport properties of the
Th3IryGe 3 and UslryGej3 compounds at low temperatures.
In addition, the valence state of U in U;Ir4Ge;3 is investigated
by x-ray near edge absorption spectroscopy.

II. EXPERIMENT

Samples of Th3lryGe;; and UslryGe ;3 were prepared by
arc melting of the metals. Ingots of Th (Goodfellow, 99.5
mass % of metal base and 2 mass % of ThO,), U (Goodfellow,
99.9 mass %), Ir (ChemPur, 99.9 mass %), and Ge (Chempur
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99.9999 mass %) were used for the syntheses. The resulting
pieces were placed in carbon crucibles, sealed in tantalum
tubes, and annealed at 900 °C for 7 days. All sample handlings
were performed in argon-filled glove boxes [p(O,/H,0) <
1 ppm] in a dedicated laboratory with high safety standard at
the MPI CPfS [14].

Powder x-ray diffraction (XRD) of the samples was
performed on a HUBER G670 imaging plate Guinier camera
[CuK, radiation (A = 1.54056 10%)]. The WinXpow program
package [15] was used for phase identification. The lattice
parameters and crystal structures were refined by least-squares
full-profile fitting of powder XRD data (program package
WinCSD [16]).

For metallographic investigations a piece of the ThsIr,Ge3
sample was examined by energy-dispersive x-ray spectroscopy
(EDXS) using a Jeol JSM 6610 scanning electron microscope
equipped with an UltraDry EDS detector (ThermoFisher
NSS7). The semiquantitative EDXS analyses were performed
with 25 keV acceleration voltage and ~3 nA beam current.
The ¢(pz) metrics correction model was applied to calculate
the Th3'0(3)II‘4.0(3)G613.0(3) COl’l’lpOSitiOH from the intensities of
ThM, IrL, and GeK lines.

The x-ray absorption near edge structure (XANES) mea-
surements were performed at beam line ID26 of the European
Synchrotron Radiation Facility (ESRF) in Grenoble [17].
The incident energy was selected using the (111) reflection
from a double Si crystal monochromator. Rejection of higher
harmonics was achieved by three Si mirrors at an angle of
3.5 mrad relative to the incident beam. XANES spectra were
measured in high energy resolution fluorescence detection
(HERFD) mode using an x-ray emission spectrometer [18].
The U HERFD spectra at the M4 edge were obtained by
recording the intensity of the U Mg emission line (3336.0 eV)
as function of the incident energy. The emission energy was
selected using the (220) reflection of five spherically bent
Si crystal analyzers (with 1 m bending radius) aligned at
75° Bragg angle. The paths of the incident and emitted x
rays through air were minimized in order to avoid losses in
intensity due to absorption. A combined (incident convoluted
with emitted) energy resolution of 0.7 eV was obtained as
determined by measuring the full width at half maximum
(FWHM) of the elastic peak.

The magnetization was measured (MPMS XL-7, Quantum
Design) in external fields between puoH = 2 mT and 7 T and
temperatures of 1.8—400 K. The electrical resistivity and the
heat capacity were studied down to 0.4 K (PPMS, Quantum
Design) using an ac resistivity bridge (LR-700, Linear Re-
search) and the HC option of the PPMS, respectively. Electrical
contacts were made with silver-filled epoxy. The Seebeck
coefficient and the thermal conductivity were determined
simultaneously on the TTO option of a PPMS.

The electronic structures of Th3lryGe;; and UslrsGe;s
were calculated within the local-density (LDA) and local
spin-density (LSDA + U, U = 2 eV) approximations of the
density-functional theory (DFT) using the full-potential FPLO
code (version 9.01-35) [19] with the basis set of local orbitals.
In scalar relativistic calculations the exchange-correlation
potential by Perdew and Wang [20] was used. The k mesh
included 120 points in the irreducible part of the first Brillouin
zone for both compounds.
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III. RESULTS AND DISCUSSION

A. Crystal structure

All peaks (besides the weak reflections of ThO; and free Ge
as impurity phases, which were excluded from the refinement)
in the powder XRD pattern of ThslryGe;; [Fig. 1(a)] were
indexed in a primitive cubic lattice with the unit cell parameter
a =9.0586(3) A. No broadening or atypical asymmetry of the
reflections was observed. The FWHM slightly increases with
increasing 26 values varying within the range of 0.10°—0.15°
[inset to Fig. 1(a)]. Reflections (hhl), in the performed
indexing, fulfill extinction conditions / = 2n, which suggests
space group (SG) Pm3n for the crystal structure of Th3Ir,Ge3.
The structure of the Yb3zRhsSn;3 prototype [1] was chosen
as the starting model for the refinement. The final values
of the reliability factors were R; = 0.093 and Rp = 0.131.
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FIG. 1. (Color online) X-ray powder diffraction patterns of
ThsIrsGey; [(a) structure type Tm;CosGei3] and UjlryGeys [(b)
structure type HT-Y;PtsGe;s]. Experimental intensities are shown
as circles (black), calculated ones as lines (red, upper part of each
panel), and the differences are given as lines (black) in the bottom

parts of each panel. The inset shows the observed angular dependence
of the full widths of half maximum (FWHM).
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TABLE I. Crystallographic data for ThsIr,Ge; [two different structure types, SG Pm3n; a = 9.0586(3) A; R; =0.058, Rp = 0.091
(Tm3Co4Gey3 type)] and UsIryGeys [SG R3c; a = 12.6329(1) A, ¢ = 15.5505(1) A; R; = 0.049, Rp = 0.070].

Atom Site x y z Biy,/A? CN
Th3Ir4Gel3 (Yb3Rh4Sn13 type)
Th 6¢ 1/4 0 1/2 1.36(2) 16
Ir 8e 1/4 1/4 1/4 0.91(2) 9
Gel 2a 0 0 0 0.14(7) 12
Ge2 24k 0 0.1442(2) 0.3064(2) 4.18(4) 14
ThsIryGei; (Tm;Co,Gey s type)
Th 6¢ 1/4 0 1/2 1.36(2) 16
Ir 8e 1/4 1/4 1/4 1.22(1) 9
Gel 2a 0 0 0 2.04(1) 12
Ge2,? 24k 0 0.1288(3) 0.2483(3) 1.45(4) 14
Ge2,° 24k 0 0.1528(2) 0.3336(2) 0.91(3) 14
U3II‘4G613 (HT—Y3Pt4GCl3 type)
U 18b 0.0012(1) 0.2505(1) 0.0000(1) 1.14(4) 16
Irl 6a 0 0 0.0033(1) 0.75(2) 9
Ir2 18b 0.3318(1) 0.1656(1) 0.1690(1) 1.01(1) 9
Gel 6a 0 0 0.2564(2) 1.16(2) 12
Ge2 18D 0.1751(2) 0.0073(2) 0.4170(1) 1.06(3) 11
Ge3 18b 0.1434(2) 0.1537(2) 0.1072(1) 1.30(3) 11
Ged 18b 0.0599(2) 0.2825(2) 0.1914(1) 1.54(3) 12
Ge5 18D 0.2086(1) 0.1649(2) 0.2959(1) 1.50(2) 13

2Split position G = 0.36(1).
bSplit position G = 0.64(1).

The corresponding values of the atomic coordinates and
displacement parameters are given in Table 1.

The refined model is characterized by high R factors,
unphysically large displacement parameter for the Ge2 atom,
and—as usually observed for these structural arrangements
[1]—an enlarged Gel-Ge2 distance of 3.07(1) A. Taking into
account that no visible signs of a possible symmetry reduction
were observed in the XRD pattern of Th;Ir4Ge;3 and to resolve
the situation with the displacement parameter for the Ge2 atom,
the split of the crystallographic 24k position was performed,
assuming the coordinate x # 0 (Wyckoff site 48/ for Ge2
with occupancy 0.5). However, this operation did not lead to
changes of the R factors, Bjs, for Ge2 as well as the Gel-Ge2
distance.

In the next step of the refinement a split of the Ge2 position
in the (100) plane was undertaken by the introduction of an
additional Ge2, atom occupying the 24k crystallographic site.
This led to a significant reduction of the R factors and to
more realistic displacement parameters of Ge atoms. The final
values of R; = 0.058 and Rp = 0.091 were obtained. The
corresponding calculated XRD pattern is given in Fig. 1(a)
and the atomic parameters are listed in Table 1.

The obtained structural model is presented in Fig. 2. It
indicates the same basic motif as observed for the YbsRh4Sn 3
type (Fig. 5 in Ref. [11]), with the only difference that in
ThsIrsGej; the vertices of the icosahedra, trigonal prisms,
and the Sny-like rectangles (marked by blue color) are now
“doubled” due to the split of Wyckoff site occupied by Ge.
In such a structural arrangement the Ge2;-Ge2, distance
is 0.802(3) A, while the Gel-Ge2, and Gel-Ge2, contacts
become now 2.534(3) and 3.324(1) A.The shortening of one of
the contacts between the icosahedron centering atom (Gel) and

its vertices (Ge2;) is in agreement with theoretical calculations
for different modifications of CasPts; . Ge 3_, and Y3Pt4Ge;3,
which predict structures with shorter Ge-Ge contacts within the
icosahedra to be energetically beneficial, due to the separation
of Ge 4p states into bonding and antibonding states [11,13].

Interestingly, the crystal structure of Tm3CosGe; [21]
adopts the same split of the Ge position, as found here for
Th3IrysGe3. In Ref. [21] this has been discussed as a hint
to a commensurately modulated structural model with zero
modulation vector. Further refinement of the crystal structure
of Tm3Co4Ge3 from powder XRD data assuming super SG
P43n(000) led to a completely ordered model and a reduction
of the reliability factor R; from 7.4% to 4.3%, as well as to the
bonding character of Gel-Ge2 contacts within the icosahedra.
Our attempts to use the same commensurately modulated
structural model in the case of Th;Ir,Ge 3 failed. A refinement
resulted in slightly larger R; = 0.065 (instead of 0.058 for the
disordered structure) and in an ordered model. However, it
was characterized by long Gel-Ge2 distances of 3.2 A, thus
indicating almost no bonding, in contradiction with theoretical
studies (see Sec. III G).

The strongest peaks in the powder XRD pattern of
UslryGey3 can be indexed using a cubic primitive lattice with
ey ~ 9 A. However, a clear split of (hhh) reflections into
two with intensity ratio 1 : 2, of (k/]) into three reflections, as
well as single (700) peaks is observed. Such splitting pattern
was recently found for rhombohedral HT-Y;PtsGey3. [12]
Selected ranges of powder XRD patterns of HT-Y3Pt;Ge,3
and of UslryGe; together with the refined profiles in the
rhombohedral SG R3c and possible indexing in the cubic
Pm3n and rhombohedral R3¢ SGs are shown in Fig. 3.
The structural model of the HT-Y;PtsGe;3 type was taken
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Th,lir,Ge,,

FIG. 2. (Color online) Structural units in the crystal structures
of Th;lryGe; and Us;lryGe;s: distorted icosahedra GelGe,s and
GelGe, (yellow), distorted trigonal prisms IrGe;, and IrGeg (light
gray), as well as distorted Geg rectangles (blue, observed only in cubic
Th;Ir,Gey3) and broken quadrangle Ge, (green, for UsIr,Ge;s).

for the further refinement of the structure of UslryGe;s.
Crystallographic data, final values of the atomic coordinates,
and displacement parameters are presented in Table I; the
refined profile is shown in Fig. 1(b).

The obtained rhombohedral unit cell parameters for
UslrsGes are related to the initial cubic ones as following:
Arhom = brhom ~ acubﬁ, Crhom ~ acub«/g, which corroborates
the close relationship of the atomic arrangement of UsIr,Ge 3
and of the cubic YbsRhySn 3 prototype. Indeed, both structures
show the same structural motif (cf. Figs. 2 and 5 in Ref. [11]).
The only difference is that in the cubic prototype icosahaedra
and trigonal prisms are regular, while in the derivative
UslryGeys structure they are distorted. It should be noted
that interatomic distances in the p-element networks are very
different in the two types. In Fig. 2 the interatomic contacts
which do not exceed the sum of atomic radii of elements
(d(Ge-Ge) = 2.46 A [22]) multiplied by /2 are marked by lines.
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FIG. 3. (Color online) Selected ranges of powder XRD patterns
of U;lryGes (top) and HT-Y;Pt;Gey; (bottom). Indexes of the
reflections in different models are shown in the bottom part of each
panel.

In UsIrysGe 3 some Ge-Ge contacts exceed this limit, which
leads to the disappearance of Sny-like rectangles (Fig. 5 in
Ref. [11]) as observed in the Ybs;Rh4Sn;3 prototype and also
to the reduction of the coordination number (CN) of some Ge
atoms (Table I).

Other interatomic distances in the structures of Th3Ir,Ge3
and UsIrsGe,3 are in most cases in agreement with the sums of
atomic radii of the constituents [22]. There are no Ir-Ir contacts,
as it is similarly observed in cubic Yb3zRh4Sn;3 prototype.
Th-Ge, U-Ge, and Ge-Ge distances are slightly larger than
the sums of corresponding radii. The shortest contacts are
Ir-Ge, where shrinking by 2.8% and 4.3% was observed for
ThsIrsGe3 and UsIrsGe,s, respectively.

B. X-ray absorption spectroscopy

XANES (HERFD) at the U M, edge is a method to
directly probe the U 5f shell and thus the valence state
of uranium species [23]. In Fig. 4 experimentally obtained
HERFD spectra of Uslr4Ge3 and UO, are shown. They are
very similar and show almost the same features with the only
difference that the spectrum of UsIryGe s (i) is characterized
by the absence of two high energy features (marked by [green]
asterisks) appearing in oxide due to the U-O bonding, (ii)
slightly shifted towards lower energies (i.e., 0.2 eV), (iii) a
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FIG. 4. (Color online) HERFD XANES spectra at the U M, edge
for UslryGe,; and UO,. The green asterisks indicate high energy
features observed only for uranium (+4) oxide. Inset: Theoretically
calculated U 5f partial DOS of U;lryGe;s in comparison with
experimentally obtained spectra. The dashed line indicates the Fermi
level Ef.

bit broadened, and (iv) shows an additional feature A (inset
to Fig. 4), which is not so clearly visible in the spectrum of
UO,. Since the main feature B is found at almost the same
energy position and has also a similar FWHM in both spectra,
an oxidation state +4 for the U atoms in UszlrsGe 3 could
be anticipated. In particular we noted that the energy shift
depends on the screening of the core hole by conduction
electrons. This effect leads to the shift of the U Ly XAS
spectrum of UPd; by ~1.5 eV in comparison to UO, despite
that both of them were formally understood as U 5 f? systems
[24]. Therefore, the determination of the oxidation state of
uranium in U3IryGe,s requires further investigations. Taking
into account all differences between both spectra the presence
of UO, on the UslrsGe;3 sample surface is rather unlikely.
However, additional studies devoted to the issue of possible
surface contamination are necessary to draw final conclusions.

The contribution of U 5f electrons to the electronic
DOS is shown in the inset to Fig. 4. The indicated Fermi
level EF separates the occupied and unoccupied states. The
experimentally measured spectra of U3Ir,Ge;3 and UO, were
shifted to coincide with the maximum of U 5 f partial density
of states (DOS, feature B). All main spectral features in
the HERFD of UslrsGe;s are roughly reproduced with the
U 5f description in FPLO. The only difference is that
the experimental spectrum is somewhat broader than the
theoretically calculated one. Interestingly, feature C is mostly
due to the U 5 f contributions of one channel (“spin down”) in
the spin-resolved DOS.

C. Magnetic susceptibility

Th3IrsGe;; is diamagnetic in the whole studied temper-
ature range with a molar susceptibility o = —400 x 107°
emu mol~! [Fig. 5(a)]. A small step in the susceptibility ob-
served at T, *® = 210 K could indicate a first-order structural
phase transition, the formation of a CDW or other opening
of a gap at the Fermi surface. Taking into account that both
magnetic susceptibility and specific heat are proportional to
the DOS at Er, the Sommerfeld-Wilson ratio [25] was used to
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FIG. 5. (Color online) (a) Magnetic susceptibility of Th;Ir,Ge3
vs temperature. (b) Inverse magnetic susceptibility of UslrsGe;s
together with Curie-Weiss fit. Left inset: Temperature dependence of
magnetization. Rightinset: Hysteresis loop for fieldsup to uo H = £1
TatT =1.8K.

estimate the reduction of DOS corresponding to the gapping
at 7,"*. The jump |Axo| at the transition temperature is
15 x 107° emu mol~!. Assuming the Sommerfeld-Wilson
ratio for free electrons, one obtains Ayy = AxoRy, where
Ry = nzké/uBﬁ. Hence, Ayp =1 ml mol~! K=2, which
corresponds to the reduction of DOS at 7, by only ~0.4
states eV ™! f.u.~!. Here it has to be emphasized that the jump
|Axo| in the magnetic susceptibility of ThsIrsGe;s is of the
same order of magnitude as observed in the LaPt,Si, CDW
system [26] and one order of magnitude smaller than reported
for the Sr3Ir4Sny3 system (second-order superlattice distortion)
[5].

The inverse magnetic susceptibility of UsIr4Ge3 is shown
in Fig. 5(b). It is described by a modified Curie-Weiss
law down to 50 K. An effective magnetic moment e =
4.19 ug f.u.”!, the Weiss temperature 6p = 4.3 K and xo =
+620 x 10~° emu mol~! are determined from a nonlinear fit to
x - UslryGey3 orders ferromagnetically at To = 15 K [left inset
Fig. 5(b)], in good agreement with data reported in [8]. The
magnetization per formula unit [left inset Fig. 5(b)] reaches
about 1.76 pug f.u.~! at 1.8 K in the highest external field of
our magnetometer (7 T). A minor hysteresis loop for fields
upto uoH = =1 Tat T = 1.8 K is shown in Fig. 5(b) (right
inset). The coercive field at this temperature is about 0.3 T.

D. Electrical resistivity

The electrical resistivity p vs T for Th3lrsGe;s is given
in Fig. 6(a). In the temperature range up to 160 K in cooling
mode and up to 180 K in warming regime it increases with
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FIG. 6. (Color online) (a) Electrical resistivity p vs T for
ThsIrsGe; together with the fit to the Bloch-Griineisen formula
(cyan line) for 20 < 7 < 70 K. Inset: dp/dT of Thslry,Gej; vs
temperature for cooling and warming modes. (b) Electrical resistivity
p vs T for UslryGeys with a fit (magenta line) to po + cIlnT
[po = 11.17(3) u2 mand ¢ = 0.78(5)] for 100 < T < 220 K. Inset:
Low temperature resistivity together with a fit to the py + Ap T2
formula (red line) for 1.9 < T < 4.5 K.

increasing temperature. In the range 20 < 7' < 70 K o (T) is
fitted well by the Bloch-Griineisen equation (1),

T\ rer/T 5
w=mra(g) [ empament O

which indicates simple metallic resistance behavior due to the
scattering of electrons by phonons [27]. The fit parameters
are the residual resistivity due to defect scattering py =
28.15 2 m; the coefficient depending on the phonon contribu-
tion A = 0.133 12 m, and the Debye temperature ®, = 153
K. The low value of ® p obtained here in comparison with that
from specific heat is explained by the fact that the former takes
into account only longitudinal phonons [28].

Further increase of temperature leads to a sharp drop of
the resistivity of ThslrysGe 3 and appearance of a hysteresis
while measuring in cooling and warming. The temperatures
¥ =211 K and ch""' = 194 K are defined as maxima
in —dp/dT [inset to Fig. 6(a)]. Such temperature behavior of
p(T) is reminiscent of the one reported for Lu,Ir;Sis, where a
thermal hysteresis of 40 K is observed [29], and is a hallmark of
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afirst-order structural phase transition. For the canonical CDW
system ErslIrySijo [30] the electrical resistivity is characterized
by the absence of a thermal hysteresis. However, a CDW
scenario for ThsIryGe;3 cannot be completely excluded taking
into account the predisposition of the 3 : 4 : 13 structures to
structural modulation [21].

The resistivity of UslrsGe;s in the temperature range
1.9-4.5 K fits to po+ Ap.T? [inset to Fig. 6(b)] with
a residual resistivity p9p =6.97 uQ m from impurity
scattering, and the cross section of the quasiparticle-
quasiparticle scattering Ap. = 1.34 x 1072 uQ m K2
The Kadowaki-Woods ratio [31] Rxw = Ap./y? = 1.0 x
1075 12 em K~ 2(mol K2 mJ~") 2 for UslrsGe3 is the same
as reported for Fermi liquids and thus metallic systems. In the
second derivative d?>p/dT? a broad weak anomaly at ~20 K
[not shown in Fig. 6(b)] corresponding to the ferromagnetic
ordering is observed. With increasing temperature p(7) of
UsIrsGe;3 passes through a broad maximum centered at
~250 K and then decreases (a small drop of the resistivity
observed at ~50 K is an artifact). Such behavior is reminiscent
of that observed for U-containing intermetallic compounds
with high p-element content such as, e.g., UAuSi [32],
UCusAl, [33], and U ,Fe4Sig 7 [34], the former two are also
considered as Kondo systems. Since the electrical resistivity
of ThiIryGe,s is affected by a first-order phase transition we
cannot take a closer look at the U 5 f-electron contribution
to the resistivity of UslrsGe s and make conclusions on the
possible Kondo behavior of this compound.

E. Specific heat

The low-temperature specific heat of Th3Ir4Ge3 is given
in Fig. 7. For T < 6 K it is described by y T + BT3 + 8T,
where y is the Sommerfeld coefficient of the electronic
specific heat, and 8 and § are the first terms of the harmonic
lattice approximation for the phonon contribution. A fit results
in y =4.72(3) mJ mol ' K2, B =1.41(3) mJ mol~' K~*,
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FIG. 7. (Color online) Specific heat of U;Ir,Ge;3 vs temperature
near the ferromagnetic transition in different magnetic fields and
of Th;lryGe;s. The (red) line shows the fit (see text). Inset: High-
temperature specific heat of Th;IrsGe,; (circles) near the 7 together
with an estimated background (line).
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heat of UsIr,Ge,; after subtraction of phonon reference (Th;IryGe;3)
and Ypmgg In Cmag/ T(T) representation (brown scales) together with
magnetic entropy (blue scales).

which is equivalent to a Debye temperature ®p = 302 K,
and § = 7.06(5) x 1073 mJ mol~! K=°. The small value of
y indicates a low DOS at the Fermi level of ~2.0 states
eV ! f.u. 7! and metallic properties of Th3Ir,Ge 3 being well in
agreement with the band-structure calculations (see Sec. II1 G).
In the temperature range 220-320 K the specific heat of
ThsIrsGej; shows a broad anomaly (inset to Fig. 7). The
“jump” Ac, centered at ~240 K is ~30 J mol ' K1, It
is comparable with the jumps observed in typical CDW
compounds such as ErsIrySijg (Ac, = 160J mol™!' K~1) [30]
or LusIrySijo (Ac, = 160J mol~! K~1)[35]. Latent heat could
not be detected at the phase transition, which is partially due
to used experimental method and setup. For low temperatures,
ThsIrsGe;3 is considered as phonon reference for UslrsGes
taking into account the close structural relationship, and the
almost identical molar masses and unit cell volume.

The specific heat of UsIrsGe,; in various magnetic fields
is shown in Fig. 7. A clear anomaly, associated with the
ferromagnetic ordering, is observed at T¢ = 15.2 K in zero
field. The specific heat of UsIryGe;3 consists also of, besides
electronic and phonon parts, a magnetic contribution cpmae(7').
To obtain the electronic c. part the cp of ThslryGe;; was
subtracted from cp(7T) of UslrsGe;s. This results in a 5f
related electronic term y; = 320(2) mJ mol~!' K2 at 0.35 K.
The magnetic contribution ¢ (Fig. 8) was obtained by further
subtraction of the obtained y;. The integration of ¢y (T)/ T
yields the magnetic entropy Smae ~ 0.42RIn2 at the transition
temperature (Fig. 8). The value is very similar to those
observed for ferromagnetic U-containing compounds as, for
instance, UPtAl (T¢c = 43 K, Spag ~ 0.71RIn2) [36], UIrAl
(Te = 62K, Spag ~ 0.33RIn2) [37], or URKSi (T¢ = 10.1K,
Smag A~ 0.17RIn2) [38]. The small values of magnetic entropy
and the large y; suggest the predominant itinerant nature of the
U moments. However, the shortest U-U distance of 4.473(1) A
in the structure of UsIrsGe;; is considerably larger than these
observed in the case of the above listed 1 : 1 : 1 compounds
with dy.yy < 3.7 A and thus is well above the Hill limit,
which amounts d.yy = 3.5 A [39]. From this point of view the
nature of U 5 f states in U3Ir4Ge 3 can be phenomenologically
considered to be at least partially itinerant.
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FIG. 9. (Color online) (a) Thermopower S vs T for ThsIr,Ge3
and Uslr,Ge; together with the fits (see text). Inset: —dS/dT of
Th3Ir,sGey; vs T'. (b) Temperature dependence of the thermal conduc-
tivity « (T) of Th3Ir,Ge;;(H) and U;Ir,Ge,;(@®), with their electronic
(ke1, continuous line) and phonon (kp,, I and () contributions.

F. Thermal transport

The temperature dependence of the Seebeck coefficient
S(T) of the thermopower of Th3IryGe,3 is presented in Fig. 9. It
is positive in the whole studied temperature range implying the
dominance of the hole-type carriers. In the range 1.8 < T <
50 K it is well fitted to S = o7 with @ =0.36 uVK 2. Ina
one-band model with an energy-independent relaxation time o
is estimated as 7'r2k]23 /2e Er. The value Er = 0.1 eV, obtained
from this formula is lower than usually observed for systems
with metallic behavior (e.g., Er = 0.72 eV for LaAgSb,
[40]). The dimensionless parameter g = Njea/yexp (Faraday
constant Nqe ~ 96485 C mol_l), which characterizes the
thermoelectric material in terms of an effective charge carrier
concentration per f.u. (or the Fermi volume Vy of the charge
carriers) [41], is estimated to be 7.4, which is larger than g ~ 1
expected for Fermi liquids.

With further increasing temperature S (7) of ThsIrsGe3
increases and than shows a sudden drop after which it
decreases further. The maximum in —dS/dT at 193 K [inset
to Fig. 9(a)] coincides with ch""l = 194 K obtained from
—dp/dT [S(T) is measured in cooling, too]. The Seebeck
coefficient is a sensitive probe for changes in the DOS (e.g.,
for CDW ordering, structural phase transitions, and any gap
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formation on the Fermi surface) [29,40,42]. Interestingly, in
typical CDW compounds as LusIrySijg [42] or Lu,lr;Sis
[29] the discontinuity in S(7") at the transition temperature
is 2-3 uVvV K—!, while in the present case it is ~ 14 uV K-,
which suggests larger changes at Er and represents thus most
probably a first-order structural phase transition.

The Seebeck coefficient S(7) of UslryGe;; decreases
in the whole studied temperature range [Fig. 9(a)]. This
decrease shows logarithmical character for 7 < 25 K [inset,
Fig. 9(a)]. The negative value of the Seebeck coefficient
of U;IryGe 3 implies predominant electron-type carriers. At
room temperature the Seebeck coefficient is 16.6 uV K-,
which is in the range ~10-15 'V K~! expected for normal
actinide intermetallic compounds in absence of many-body
effects [43]. Interestingly, no anomaly is visible in S(7)
and «(T) of UslrsGe;; at the temperature of ferromagnetic
ordering (T¢ = 15 K). This can be explained by the small
ordered magnetic moments and low magnetic entropy involved
in this transition.

The thermal conductivity «(7) for ThslrsGe;s and
UslryGey; is presented in Fig. 9(b). Both compounds show low
thermal conductivity, which is comparable with that observed
for cage compounds (e.g., filled skutterudites) [44,45]. «(T')
may be decomposed into electronic k. and phonon «py
contributions. . is calculated from the Wiedemann-Franz law
kel(T) = LoT/p(T), where Ly is the Lorenz number 2.44 x
1078 W QK2 and the phonon contribution ,y, is estimated
by subtracting . from the measured «. For Th3IrsGe;3, «(T')
decreases with decreasing temperature down to 200 K showing
a minimum in agreement with the presence of the first-order
phase transition. Interestingly, the electronic contribution to
the thermal conductivity at the transition is negligible. With
further decreasing temperature «(7') of ThsIr,Ge,s increases,
passes through a maximum at ~30 K and rapidly drops
following roughly a linear law for T < 5 K.

No anomalies were observed in the thermal conductivity
of UsIrsGe,s. It decreases smoothly with decreasing temper-
ature down to 50 K and then rapidly drops down towards
smaller values. The phonon contribution «p, of UslryGeis
at 300 K is very low; KSSOK =0.9 W m 'K, and it is
of the same order of magnitude as for such well known
thermoelectrics as (Bi/Sb),Tes (KSSOK =0.6Wm ' K1) [46]
or YbisMn;_,ALSby; (<" = 0.55 W m~' K™') [47]. The
dimensionless figure of merit of UsIryGe;3 as a thermoelectric
material is negligible (ZT = 0.006 at 300 K).

G. Electronic structure

The optimized electronic structure of idealized Th3IrsGe;3,
assuming Yb3RhsSnj; type [1], is presented in Fig. 10.
The obtained DOS is reminiscent of those reported for
thorium [48,49], rare-earth [50], and alkaline-earth [51]
containing platinum germanium filled skutterudites and
{Ca,Y,Yb}3Pt4Ge 3 [11,13] compounds and shows almost the
same features. The separate DOS structure in the energy range
between —13 and —7 eV is mostly due to the mixing of the Ge2
4s and Ir 5d states. The broad valence band extending from
—6 eV upon to the Fermi level (E ) is due to hybridization of
Ge2 4p, Ir 5d, and Th 6d states. The Fermi level is situated in
a spike of the DOS with N(Ef) = 4.87 states eV fu !,
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FIG. 10. (Color online) Calculated electronic density of states
(DOS) for the idealized ThslryGe; structure. The Fermi level
is indicated by the dashed line. Inset: Gel partial DOS in the
close vicinity to the Fermi level for different interatomic Gel-
Ge2 distances: dgei.geo = 3.324 A (brown line), dgej.ge2 = 3.062 A
(magenta line), and dgej.gex = 2.551 A (dark yellow line).

which would correspond to ™" =11.5 mJ mol~' K2
in disagreement with the experimentally observed value of
4.72(3) mJ mol ! K2, These findings indicate instability
of the idealized Th3IryGe 3 structure. The Fermi level is
mostly populated by the Gel 4p (0.62 states eV~' fu.™!),
Ge2 4p (2.15 states eV~ fu.™!), and Th 64 and 5f (~ 1.1
states eV ! f.u.~!). Calculations assuming different lengths of
Gel-Ge2 contacts in the structure of Th;Iry;Ge 3 have been
performed. As one can see from the inset to Fig. 10, the
shortening of this distance from 3.324 to 3.062 A leads to
the separation of the Gel 4p into bonding and antibonding
states and thus to a remarkable reduction of the DOS at Er.
Further shrinking of dgei.ge> does not affect the DOS. Also,
changes of the Gel-Ge?2 distance do not influence the Ge2 4 p
states. Thus, only changes in the bonding situation between
Gel centering the icosahedra and the Ge2-atoms from the
framework, caused by the strong reduction of the symmetry
(e.g., {Ca,Y,Yb};3PtsGe;3 [11,13]) or by the splitting of Ge2
site, as observed in the crystal structure of Th3IrsGe;3 (which
cannot be simulated theoretically) are leading to low DOS and
the appearance of a dip at E . The broad maximum above E
is due to the Th 5 f, 6d, and 7s states, which are unoccupied.
This suggests transfer of these electrons towards the Ir-Ge
framework in the idealized Th3Ir4Ge;3 structure.

The electronic structure of UslryGe s calculated within
LSDA + U approach is given in Fig. 11. It shows nearly the
same features as described above for idealized Th3IrsGe3: the
separate DOS (—13 to —7.5 eV) due to the mixing of the Ge
4s and Ir 5d states; the broad valence band (—6 to 0 eV) due to
the hybridization of Ge 4 p, Ir 5d, and U 5 f states in the close
vicinity to the Er. The Fermi level is mostly populatedby U5 f
spin up states [2.65 states eV ! f.u.”! of N(Ef) = 5.15 states
eV~! fu."!] (inset to Fig. 11). The number of 5 f electrons
estimated from the band-structure calculation is 2.92 which
would indicate a configuration close to U 5 f3 for U3IryGe;s.
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FIG. 11. (Color online) Calculated electronic density of states
(DOS) within the LSDA + U (U = 2 eV) approach for the rhom-

bohedral U;lIryGes structure. The Fermi level is indicated by the
dashed line.

A similar number of 5 f electrons (i.e., 2.89) [52] is calculated
theoretically and confirmed by high-energy-resolution core-
level and valence-band photoelectron spectroscopic studies for
UFeGas — a compound with itinerant nature of 5 f states and
enlarged U-U contacts (dy.yz = 4.26 A) [53]. The electronic
structure of UFeGas is also characterized by a hybridization
of Fe 6d and U 5 f states in the close vicinity to E g, similar
as it is observed for U;3Ir4Ge3 (hybridization of Ir 54 and U
5f). All these findings are in line with the observed prevalent
itinerant character of U 5 f electrons in UsIryGes.

The band-structure calculations result also in a ferromag-
netic ground state for UsIrsGe;; with a magnetic moment of
2.33 up per formula unit, which is in fair agreement with
experimentally observed value of 1.76 ug f.u.”!. A possible
explanation for this discrepancy could be the reduction of the
ordered moment by sizable spin fluctuations not included in
the framework of LSDA.

IV. CONCLUSIONS

ThsIryGe;s crystallizes with primitive cubic Tm3CosGey3
type of structure, where the 24k Wyckoff position occupied
by Ge2 is split. This leads to the appearance of bonding
contacts (Gel-Ge2;) between Ge atoms centering icosahedra
and these from the framework. UsIr;sGe 3 shows the noncen-
trosymmetric rhombohedral structural arrangement observed

PHYSICAL REVIEW B 91, 094110 (2015)

for HT-Y;Pt4Ge,3 type. Both structures are derivatives of the
well known primitive cubic prototype Ybs;RhsSn;3. Theoret-
ical calculations within LDA approach clearly indicate the
instability of the ideal structural arrangement observed in the
Yb3Rh4Sn 3 prototype for the Th3IrsGe ;3 compound. XANES
performed at the U M, edge indicates an oxidation state of
uranium close to +4 for uranium in UzIr,Ge3.

Sharp anomalies at ~200 K are observed in the magnetic
susceptibility, electrical resistivity, specific heat, thermopower,
and thermal conductivity of Th3IrsGe;3. From the jump of
the magnetic susceptibility |Axo| a small reduction of the
DOS by ~0.4 eV~! fu.”! was deduced. This value as well
as the jump in the specific heat Ac, ~ 30 J mol ' K~! are
reminiscent of the effects observed for typical CDW systems.
However, the fact that the electrical resistivity of the warming
and cooling runs at the transition temperatures for Th3IrsGe 3
do not coincide as well as a large drop of ~14 uVK~! in
the thermopower would rather indicate a first-order structural
phase transition. Finally, to shed light on the structural changes
in ThslryGe;3, temperature dependent high-resolution x-ray
diffraction experiments on high quality single crystals have
to be performed. All our attempts to prepare single crystals
suitable for such a study failed until now.

UslryGeys is a ferromagnet with T¢ = 15 K, effective
magnetic moment e of 4.19 up f.u.”! and coercive field
~0.3 T at 1.8 K. The small value of magnetic entropy
Smag ~ 0.58RIn2, deduced from the specific heat at the
ordering temperature, the absence of large effects at T¢ in
the thermopower and the thermal conductivity, as well as
the strong contribution of U 5f partial DOS at the Fermi
Level in the electronic structure suggest a predominantly
itinerant nature of the uranium 5 f states. The decrease of the
electrical resistivity of UsIryGe 3 with increasing temperature
as well as the reduced jump in specific heat at 7 and small
magnetic entropy of the transition (also reported for some
typical Ce- and Yb-containing Kondo lattices, e.g., CePd,Ge,,
YbAuCuy, etc.) [54] hint to a possible Kondo scenario.
However, since the uranium 5 f-electrons contribution to the
resistivity could not be separated, this statement requires an
additional confirmation. Interestingly, the phonon contribution
to the thermal conductivity of UslryGe;; at 300 K is of the
same order of magnitude as some well known thermoelectrics,
nonetheless, the efficiency of U;lrsGe s as a thermoelectric
material is negligible.
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