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ABSTRACT

We report on an experimental single-crystal studyRu,Al 14, crystallizing in the YbR& 1, type orthorhombic
structure, supplemented by the results of cryg&tl fand band structure calculations. We investigathe
magnetic, thermal and transport properties of thiged-type compound. Based on the local charattéreo
5f’-electron configuration of the “Uion in URWAIl,, the effective crystal field (CF) potential in the
intermediate coupling form was estimated using @e level scheme, composed only of singlets. This wa
carried out in a similar manner to that reported Ué-eAl o [Phys. Rev. B92 (2015) 104427]. The obtained
scheme satisfactorily reproduces both the magnstisceptibility (measured along the three main
crystallographic directions) and the Schottky-tgmomaly of the specific heat. The latter was egtohaising
the specific heat data of Thi\l,o as a phonon reference. In addition, the strongoémtipic behavior of the
Seebeck coefficient measured along the three pahdirections, and its low-temperature pronouneecima,
have been approximately explained by the CF effétie latter dominates in the S-shaped temperature
dependencies of the electrical resistivity, measunsing the current flowing along the three mairesax
However, the magnetoresistivity reveals an anigddreelectronic structure that could originate frarc-f
hybridization effect in an orthorhombic unit cdlhis gives rise to the typical metallic charactebJ&®u,Al 1, as

is also the case for UFA 1o. This behavior underlines thikeial character of thef5electrons in these ternaries. In
turn, the presence of low-frequency Einstein maeéects the presence of regular rattling of tH& ion located

in the [RuAl¢] cage. This rattling is, however, disturbed at k@mperatures by applying an external magnetic
field which causes strong scattering of the expenital electrical resistivity points. This effect @so
anisotropic, as proved by a comparison of the tiegis results determined at zero and 9 T for agkn
crystalline sample of URRAI .. The above effect also exists for isostructurabldi,, but its anisotropy is less
apparent.
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1. Introduction

Recently, the so-called cage-forming compounds sischkutterudites, fullerenes, clathrates,
pyrochlores and others have attracted much attenteving to their significant scientific and
technological interest. All of these possess inirig physical properties ranging from itinerant- to
local-moment behavior. The latter usually leadsthie crystal field effect and great magnetic
anisotropy. They are also spin and valence fluotsaexhibit heavy fermion- and non-Fermi liquid
states, showing either conventional or unconveatiosuperconductivity. Some of them are
magnetically or multipolarly ordered. An origin tfe large variety of behaviors in cage-like
compounds is the electron-phonon coupling betwaasté&in-like phonons and conduction electrons
[1-3].

A large group of rare eartlR) or actinide An) based ternary intermetallic compounds has also
been categorized as cage-based systems; thesealgameral chemical formulaT,M,, where the
X:y:z stoichiometry is either 1:2:10 [4] or 1:2:(8], contain a transition element)( and whereM is
either Al or Al, Zn and Cd, respectively.

This category arises when a so-called guest afomR or An) with either a metallic or ionic
characteiis only weakly bound to the surrounding atoms, WwHimrm a polyhedron of\,T) or only
(M) atoms around the centré@l atom. The most characteristic feature of such @amgds is an
oversized rigid cage formed by ligands with closetker electronic shells in relation to the smatksi
of the central atom. As a result tAeatom can move around inside the cage. In consegquéinis
situation leads to the so-called “rattling” effecé. the anharmonic motion of the central atomisTh
effect can in turn be responsible for e.g. (i) hitjermoelectric performance, and (ii) emerging
superconductivity (SC) [6,7], or at least an enleament of the superconducting transition
temperature, as recently shown, for instance, erRWAl ;o aluminides R = Sc, Lu or Y) [8]. Here,
one should also mention certain metallic binarieshsas ZrB, and LuB,, which crystallize into a
cubic UB,, cage type of structure, or their solid solutior&(Lu,)B;,, and which are also
superconductors [9,10]. Note that uranium dodegdbas not a superconductor, even down to 0.4 K
[11 and references therein].

The AT,M, ternaries mentioned above adopt orthorhombic ¥Ake and cubic CeGAl,,
types of structure, and form an atomic polyhednmuad the guest ator that contains either M+
4T or 16V atoms, respectively [4,5]. The main feature of ¢éhewego families of ternaries is the large
A nearest-neighbor distances, whdge, ~ 5 to 6 A. In skutterudites, such distances aendarger,
reaching about 7 A. The large separations betweesstgatoms in these caged compounds
significantly reduce the overlap between tlieel@ctron wave functions, e.g. in the case of urani
bearing compounds, which allows us to observe tystal-field (CF) splitting of levels quite
distinctly. Due to the small ratio of teatoms in the “molecule” containing 13 atoms, thaibdgte 5
electron systems display no magnetic ordering, dmmhe lowest measured temperatures. This fact
opens the way for possible detailed studies onadtfer type of existing inter- or intra-atomic
interactions, performed at the lowest temperatusasg advanced techniques.

In terms of actinidesAnT,Al ;o aluminides based on Th and U have been foundifddfd, Ta,

W, V, Cr and Mn [5,12-16]. All of these show mei@iproperties; only UMgAI o exhibits an itinerant
ferromagnetic order [13,14] carried by Mn atoms,il&vhall the remaining ternaries are Pauli
paramagnets down to the lowest measured tempesatuaditionally, theAn,V,Al,, (An=Th, U, Np,
Pu) actinide intermetallics were found not to beesaonductors down to 1.9 K [16], although the
rattling of theAn-atoms inside their Al atom cage is large (theindiin temperatures are around 20
K). Similar magnetic properties to the above alud@s are also exhibited by somé&Jdn,, ternaries
containingT= Fe or Ru [17]. On the other hand, the phases.ti;p and URRZn,, were found to
behave as paramagnetic heavy-fermion systems vathlocalized 5-electrons [18]. No long-range
magnetic ordering (even down to 350 mK) was alsmébfor UlbZn,, [19]. The localized character
of these systems and the lack of any magnetic asddwe consequence of the large U-U distance of
about 6 A and hence very welkligand hybridization.

Of the former series of ternaries, theTe o (T = Fe, Ru, Os) systems have been most
extensively studied in recent years. These aluramieixhibit Kondo semiconducting behavior [20].
Moreover, although the shortest distance betweeat@as is as large as 5.2 A, those ternaries with
Ru and Os are characterized by an unconventiotid¢@omagnetic (AFM) ordering from the point
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of view of their high values of transition temperats (around about 30 K) [20, 21 and references
therein]. It appears that although the separat@wéen Ce ions is large, the anisotropic hybridinat
effect between conduction and @lectrons(c-f) (being the highest along tleeaxis) is likely to be
responsible for the formation of such an unusua@iitange magnetic order. This effect is also the
origin of the unusually large anisotropy in the pmmature dependencies of the susceptibilities and
transport properties of the orthorhombic systens tb also indicated by a large CF effect in the
presence of strong anisotrofd hybridization [22]. Regardless of the fact thathe paramagnetic
regionya >> y. > y», the AFM ordered moment of 0.4 (048 in T = Ru (Os) is, however, parallel to
thec-axis. The smallness of this moment was explaine8thgari et al. [23,24] as being due solely to
the CF effect, which is much higher than that foundhe common Ce-intermetallics. Thus, the
strongest-f hybridization along the-axis prevents the alignment of the magnetic moraéortg this
axis. In addition, the optical conductivity indieatthe presence of anisotropic hybridization gaps
opening for thea-, b- and c-axes [25,26]. On the other hand, Cg&tte, has been classified as an
intermediate system, and shows the highest dedred bybridization of these three systems [26].
Nevertheless, its Sommerfeld coefficiet® K) = 14 mJ motK? is lower than that of Lakal 1, (18

mJ mol*K): this is probably enhanced by the spin fluctuagéfect (see below).

Furthermore, another ternary aluminide member of $leries, YF&l 0, has recently been
intensively investigated due to its proximity terfanagnetic (FM) ordering at a quantum criticalrjoi
(QCP) [27]. Such novel critical phenomena are oleskiclose tol = 0 K. More recently, we have
found very similar properties for Thi#d,,[28], and we suggest the presence of spin coroela@nd
spin fluctuations (SFs) of Fe moments. In this @rtlombic structure, th&-atoms are stacked in two-
dimensional (2D) planes perpendicular to lkexis. This layout means that SFs reside here snainl
the ac plane, and the Sommerfeld coefficigt@ K) of YFgAl,, is increased to 25 mJ midk? [29],
while this value falls to 8.3 mJ nibK? for YRWwAI,, [30]. This observation and that for LaRé,
[26] emphasize the special role of the Fe atomssunh cage-like ternaries. The Sommerfeld
coefficient of ThFgAl ;palso has a similar value (= 22.5 mJ thigi®) [28].

In view of the very interesting behaviors of theirenCeT,Al o series, it has been important to
compare them with those of the uranium isostrutseges. The first synthesis offkAl 1, (T = Fe, Ru
and Os) single crystals and investigations of tefay and magnetic properties were carried out by
Sugai et al. [31]. In contrast to the large numbérare-earthRT,Al, ternaries, which, despite
showing largeR-R distances, do exhibit magnetic order at very lemeratures, all of these uranium
systems lack any magnetic ordering, at least doah K [31].We previously carefully analyzed data
obtained for single crystalline samples of kMg, [32]. We considered a scenario for this compound
whereby the belectrons of uranium display so-callédalism i.e. two of them are localized, yielding
a U*" ion, and the remaining ®lectron forms a broad metallic band with tideaid 7s electrons. This
electron configuration gives the unique possibitifitreating UFgAl ;pasan ionic system in which the
crystal field effect plays an important role. Ictfathis effect is responsible for the stronglysatiopic
behavior in the temperature dependence of the gtilsi#y in the paramagnetic region on the one
hand, and simultaneously leads to its metallic attar with an enhanced effective mass, on the .other
This kind of behavior in the TJAl ;o species is similar to that observed for LlPithis compound has
been regarded for some time as a metallic systen ritevertheless also shows the typical ionic
properties of the tJ ion [33 and references therein].

In this paper, we present the structure, thermoahjecgmand electron transport results obtained
for single crystalline URiAI,o. We have previously published this bulk data fopdycrystalline
sample of this compound [34]. We have also analyzecdtlectronic structure of this material in terms
of a comparison to its Ce counterpart [35]. We @rsvinced that much wider future studies of the
UT,Al ;o systems will bring a great deal of valuable infatibn on thedualism of 5f—electrons in
actinide compounds [36].

2. Experimental methods
ThRWAIo and URUAI single crystals were prepared using the molten ialum flux

technique, as described in [32]. The starting natewere Th (99.5%), U (99.5%), Ru (99.99%) and
Al (99.999%).



The chemical composition, crystallographic quabtyd orientation of the obtained single
crystals were verified both by scanning electroncrogcopy coupled with energy dispersive
spectroscopy (SEM-EDS) and X-ray diffraction (XR&hniques. No inclusion of an impurity phase
was observed using either technique.

Single-crystal XRD was performed at room tempeeatRT) to resolve the crystal structure,
either on very small crystals from the flux (Th) @mn a broken piece of a larger crystal (U). The
diffraction intensities were collected at RT withNonius Kappa CCD four-circle diffractometer
equipped with a bidimensional CCD detector using Kjaadiation § = 0.71073 A). The integration
and reduction of the redundant reflections of tiieerént data sets, and the cell refinements, were
performed using SADABS software [37]. Structuraldals were determined by direct methods using
SIR-97 [38]. All structural refinements and Fourigyntheses were carried out with the help of
SHELXL-97 [39]. The atomic positions were standaedi using STRUCTURE TIDY [40]. Most of
the crystals presented theaxis perpendicular to the plate base.

The magnetic susceptibility of URAI ;o between 2 and 300 K and the magnetization upTto 9
were measured using a Quantum Design MPMS-5 mame¢to. The specific heats of single
crystalline samples of ThRAIo and URYAI ;o with masses of 10 mg and 4.0 mg, respectivelyewer
measured using the thermal relaxation method intehgerature range 2—300 K using a Quantum
Design PPMS platform. The samples were glued tohiblder using Apiezon N vacuum grease
addenda, the specific heat of which was first mesasu

The electrical resistivity measurements of Uy, were performed on single-crystalline
samples in the form of bar-shaped specimens; these cut from irregular plate-like single crystals,
with dimensions of about 1.0 x 0.5 x 0.3 frapong thea direction and 0.8 x 0.25 x 0.15 malong
the c direction. Electrical contacts (four points) wenade by the electrochemical deposition of Cu,
and finally, thin silver wires were glued usingilvey paste. The measurements were carried out in a
®He cryostat in the 0.3-300 K temperature rangeguaim AC method. The magnetoresistivity was
measured for the same samples in an applied madiet of up to 9 T. In turn, a homemade setup
[41] was used for measurements of the thermoeteptwer of URpAI o at temperatures between 0.4
and 300 K. The frontal surfaces of the same sangiteg) thea, b andc directions were wetted with a
liquid In-Ga alloy in order to improve the thernaald electrical contacts with the chamber plates.

3. Results and discussion
2.1. Structure refinements

The crystal-structure parameters for the ruthenlimand U-ternary aluminides obtained by
single crystal XRD data refinement are listed irbl€al. Data for ThR4Al 1, are given for the first
time, while those for URWI, are very close to the values given in the previsingle-crystalline
report [31] and slightly higher than those foundaur first study [34]. The unit cell volume of
URWAI, determined in these three studieslightly reduced: 848.8(1), 845.1(1) and 843.4(%) A
respectively. Using these crystallographic data thiode taken from [28], we can compare the lattice
parameters of ruthenium and iron-based ternariebdth Th (U) aluminides. Thed(b or ¢)ry(a, b
or C)re|X100/(@, b or C)e ratios are +0.79% (+0.66%), +0.30% (+0.11%) an®2% (+0.67%) for the
a-, b- andc-axes, respectively. It can be inferred from théata that the magnitude of elongation in
theacplane has an effect three (Th) to six (U) timegdathan that along tHeaxis. The influence of
the larger Ru metallic radiusg{r= 1.345 A [42]) than that of Feg{r= 1.274 A [42]) is thus highly
anisotropic, suggesting stronger bonding alongathendc-axes as compared to theaxis. Table 2
displays the atomic positions for ruthenium, Thd &raluminides, while Table 3 shows the selected
interatomic distances for both Ru-ternaries. Of fike distinctive Al sites, the distances between
U(Th) and the two Al(1), two Al(2), two Al(3) and@ir Al(4) are close to one another {~3.15(5)
[3.25(5)[}A, whereas those for the four Al(5) andather two Al(1) atoms are larger. Details of the
crystal structure are given in [43] and [44]. Thstahces between Ru and Al atoms are rather smaller
than the sum of the corresponding metallic radi aange between 2.6 and 2.8 A. As mentioned
previously in the case of Up o [32], and below for URiAl, we cannot discuss the distances
within U-Ru(Al) using the framework of the sum ogtallic radii (see [42]), as is often done in the
literature. This is because in this kind of caggstem, the uranium atoms should instead be trested
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U*-like ions experiencing crystal-field interactions. Iiistisituation, the difference should be taken
into account between a*tdion radius (0.95 A) and a metallic one (1.543 43][ This means that the
uranium ion in its large cage behaves as a freebiainis under the influence of strong CF intexatii

To get an idea of the positions of the Al atomsuatbthe central uranium atom, we present the
surroundings in Fig. 1; this image is viewed frdm b-axis in one of the lower atomic layers of the
unit cell formed by U, Ru and Al(1)-Al(4). This @édso shown in Fig. 5(c) of [44] using dashed lines,
and the positions of the particular Al atoms arek®a by different colors.

Fig. 1. Projection along thb-axis of the lower layer formed by U, Ru and Al(A)&4) atoms [43]. This presents
a two-dimensional system. Such layers are sepabgtéte layers of the Al(5) atoms along thaxis.

Tablel
Crystallographic data and structure refinemenfoRWwAIl ;oand URYAI 4.
Empirical formula ThRpAI 1¢ URWAI 1
Formula weight (g ma) 703.99 709.98
Structure-type YbFEAI 1o YbFeAl g
Space group Cmcm(n°63) Cmcm(n°63)
Unit cell parameters (A) a=9.088 (1) a=9.040 (1)
b=10.324 (1) b=10.263 (1)
€=9.200 (1) €=9.149 (1)
Unit cell volume (&) 863.2 (2) 848.8 (1)
Zlcalculated density (g cf 4/5.417 4/5.556
Absorption coefficient (m) 21.581 23.501
Crystal colour and habit metallic, prism metalpcism
Theta range 3.72° - 41.99° 3.00° — 44.99°
Limiting indices -1k h<14 -15<h<17
-19<k<11 —-20<k<15
-17<1<16 -18<1<17
Collected/unique reflections 9646/1639 13262/1901
R(int) 0.0595 0.0513
Absorption correction Semi-empirical Semi-empirical
Data/restraints/parameters 1639/0/41 1901/0/41
Goodness of fit on F2 1.125 1.083
R indices [I>2(1)]a R1 =0.0283 R1 =0.0274
wR2 = 0.0609 wR2 =0.0388
Extinction coefficient 0.0086 (3) 0.00180 (7)
Largest difference peak and hole (€A 8.383/-6.308 3.298/-3.067




Table2
Atomic parameters and equivalent displacement patensifor ThRpAl ;o and URYAI 4.

Wyckoff

Atoms position y z Usq (R2)

Th 4c 0 01277 (1) Y 0.005 (1)
Ru 8d Yy Yy 0 0.004 (1)
All 8g 02257 (2) 0.3672(1) Y 0.007 (1)
A2 8g 03523 (1) 0.1311(1) ¥ 0.007 (1)
Al3 gf 0 0.1584 (1)  0.6019 (2)  0.007 (1)
Al4 8f 0 0.3776 (1)  0.0478 (2)  0.006 (1)
Al5 8e 0.2259(2) O 0 0.006 (1)
U 4c 0 0.1260 (1) v 0.006 (1)
Ru 8d Ya Ya 0 0.004 (1)
All 8g 0.2243 (1)  0.3656 (1) ¥ 0.007 (1)
A2 8g 03502 (1)  0.1304 (1) ¥ 0.007 (1)
A3 gf 0 0.1556 (1)  0.6008 (1)  0.006 (1)
Al4 8f 0 0.3763 (1)  0.0490 (1)  0.007 (1)
Al5 8e 0.2238(1) 0 0 0.007 (1)

Table3
Interatomic distances (A) selected for ThRIY, and URYAI ;.

Th -2Al4 3.180(2) Ru -2A5 25903 (3)
-2 A2 3.202(2) -2 Al 2.6085 (6)
-2 A1 3.212(2) -2 A3 2.6334 (7)
-2 A3 3.252(2) -2 Al4 2.6630 (7)
-2 A3 3.253(2) -2 A2 2.7679 (8)
-4 A5 3.353 (1)
-4Ru 3.4706 (3)
-2 Al 3.6673(3)

U -2AM4 3152(2) Ru -2AI5 2572(2)
-2 A2 3.162(2) -2 All 2580 (2)
-2 Al 3.182(2) -2 A3 2.621(2)
-2 A3 3.190 (2) -2 Al4  2.640 (2)
-2 A3 3.213(2) S2A12 2.742(2)
-4 A5 3.309 (2)
-4Ru 3.45(1)
-2 All  3.648 (9)

2.2. Electronic structure

We have already calculated the electronic struabfiisostructural ThEAIl o [28], UFeAl 1,
[32] and (U;Ce)RpAl 14 [35]. Therefore, in order to complete these da present the results of the
calculations carried out for ThRAI ;o These calculations are based on a fully reldttvigersion of
the full-potential local-orbital (FPLO) method [48hd a local density approximation (LDA) of the
exchange-correlation potential [46]. The obtainesults allow us to draw some general conclusions
about the whole group of these cage-type ternafies.methods used in our calculations and selected
k-point mesh size (12 x 12 x 12) in the BrillouimegBZ) are the same as those described in [28]. As
previously, we also assumed our experimental &fterameters and the atomic positions given above
to determine the band structure, total and padémisities of states (DOS) per formula unit (f.undl a
the Fermi surface (FS) of ThEl 4.

The total and partial DOS of ThRl o are presented in Fig. 2(a). As is apparent froi th
figure, all the constituent atoms of ThHRly, forming the atomic cage in a YhiRé,type crystal
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structure have remarkable contributions to DOShat Fermi level Er), as in the case of the
isostructural reference systems mentioned abowthérmore, the valley of DOS cuk;, yielding a
moderately low value of the Sommerfeld coefficignt 6.2 mJ mot K2, which is typical of normal
metallic systems and in good agreement with oueesgntally estimated value (7.6 mJ thed?).
This comparison of the experimentdD) and theoretical, values indicates rather weak electron—
electron correlations. It stands in contradictionthie case of the ThiA ;, counterpart, where the
slightly higher value of the calculated Sommerfedefficient (7.8 mJ mai K™ is substantially lower
than the experimental one (25(1) mJ ™l [28]. The DOS aroundt: is dominated by Al 8pd
electrons, coming from all five atomic sites in teit cell. In turn, the almost equal contributions
from the hybridized Th &5f states and the Rud4&ontributions are both half as large as the Alspne
this is unlike the situation taking place in theF8#Al 1, analogue, where the Fe 8ontribution is a
little higher than that of the Rud4electrons and is equal to that obtained for theelksctron
contribution (see the inset in Fig. 2(a)). Simudtansly, the U 6contribution of URBAI;, was much
higher than the others, and yielded a relativelgdacalculategh-value (21.5 mJ moiK?[35]) which

is in good agreement with the experimen(@)-value (22.0 mJ mdlK?) (see below).

E
20 T T — :

ThRu Al | (@)

DOS (states eV ' u_")

ThRu,Alyq (b)
() "t holes (1) holes

5
F

o SR

(IT)%5" electrons

Fig. 2. (a) Fully relativistic (LDA) total (solid line) ahpartial DOS calculated for ThRA ;o compared to DOS
of ThFeAl;, nearEr (inset based on our results in Ref. [28]). Thencffeatched) area denotes contributions of
primarily occupied Th @ states within the hybridized Thd&- 5f contribution. (b) The corresponding FS sheets
of ThRwAIl, originating from four Kramers double-degenerate dsaffNos. 325, 327, 329, 331), drawn
separately within the orthorhombic BZ boundariesrkD(green) and light (yellow) colors reflects timside

(electrons) and outside (holes) of FS, respectively



In ThRWAI 14, the thorium contribution to the hybridized Td-6f states mentioned above
forms a long tail far belovi: (see the hatched area in Fig. 2(a)); however, @Bpvunoccupied b
states start to dominate over threedhes. In turn, the Alspdelectrons yield a broad structure in the
whole energy region, as shown in Fig. 2(a). Findtg Ru 4 electrons create a distinctly multipeak
structure, with a maximum located at around —2.5 shifted further belover by about 1 eV with
respect to that of the Fel &lectrons in ThEAI ;,. It is worth highlighting that the DOS coming from
Ru and all the Al atomic positions in ThiAl;o are comparable to those of URRly, [35] in the entire
energy region considered. This shows that the stnudture originating from the [RAil ;o] assembly
is nearly the same in both aluminides (see thd indeg. 2(a)).

Interestingly, the FS of ThRAI;, computed here and shown in Fig. 2(b) is identicahat of
ThFeAl,[28], despite some differences in the DOS arobpdas discussed above. The FSs of both
systems consist of as many as four sheets origmditom Kramers double-degenerate bands. The
sheets are derived from two lower bands (325th 3#th) comprising three-dimensional hole-like
closed pockets of rather small size, located incthraers of the BZ. At the same time, the other two
sheets possess an electron-like character. Theaginam large, flattened open structure (329th hand)
which is strongly anisotropic in the direction versus thab plane, probably due to substantial
hybridization anisotropy. There are also small etbpockets (331th band). On the one hand, this type
of FS suggests distinctly similar metallic behavidor the Th-based aluminides; however, on the
other, the FS sheets have shapes that are quigeedif from those of URAI o [35], whose U &
electrons contribute only partly to the FS. Intéregy, the FS sheets of ThiRM ;o resemble those of
isostructural CeRidl 1o [35], except for the lack of the correspondingrfbusheet (with the small
electron pockets) in the latter compound, althotlghDOS of both these systems aroltacre quite
different. This relation of FSs is analogous totteaisting between, for example, ThRhland
CeColn systems [47].

Based on our partial DOS results, we also estifmt& hRWwAl ;o the overall magnitude of the
temperature dependence of thermoelectric power X T&FT), using the Mott model for diffusion
TEP, employing the method given in Eq. (14) in [#8] ThFeAl .. The absolute value of the slope
obtained for ThR#Al,,, ST' = —0.0060pV K2, is much lower than that obtained for the iron
analogue (-0.019{V K2 [28]).

2.3. Magnetic properties
2.3.1. Experimental magnetic susceptibility

Fig. 3(a) shows the temperature-dependent magsesiceptibility,y(T), measured along the
three crystallographic directions= a, b, ¢ of an URuYAI, single crystal. This dependence exhibits
strong magnetic anisotropy, for which the easy mégation axis is th&-axis, i.€.xc > xa > yb. ThiS
finding is in accordance with the previous repgrtSugai et al. [31]; however, it is different fraimat
reported by us for URAI, in [32], where thea-axis was found to be the easy one, withy. > 1b.
Similarly, they(T) of CeFeAl, [48] and CeRpAl, [49] also exhibit magnetic anisotropy, and the
susceptibility along the-axis has the highest values. Interestingly, al ¢lkamples discussed above
show not only the smallest susceptibility valuemgltheb-axis but also a weak temperature variation
of the latter below RT. In addition, our measuretaetaken along this axis yield a very broad
susceptibility maximum at around 200 K. In all tladove mentioned cases, it is clear that
susceptibilities below about 100 K reveal a tengleiocsaturation, which however is followed by a
small upturn at the lowest temperatures. Simildravéor of the susceptibility at low temperatureswa
also reported by Sugai et al. [31]. We believe tha upturn most likely arises from impuritiesdan
therefore the correct low-temperature dependermiiesur susceptibility curves are determined by
subtractingyimp (assuming this follows &/T Curie law) from the respective experimental values
Finally we obtain approximately constgii0) saturated values for all three direction§ at 0 K. As
an example, we present in Fig. 3(a) a correctiatguure for the susceptibility using thick dashed
lines which generally coincide with the theoretisalid lines.

Fig. 4 indicates the field-dependent magnetizatib{B), taken at 2 K, yields along tlaeaxis
a perfect straight line, while for the remainingeaM(B) may be either approximated by a very
weakly marked curvature, probably arising from gliggbly small magnetic correlation, or a small
deviation within an experimental error. Neverths)ase do not observe any influenceM(B) due to
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ferromagnetic impurities. This allows us to infeat the susceptibilities approach limited values at

0 K. Thus, the inverse values of these correctedeqtibilities are plotted in Fig. 3(b) as a fuantof
temperature. The Curie-Weiss (CW) behavior forttitee axes is marked in Fig. 3(b) by thin dashed
lines. The corresponding magnetic parameters atedliin Table 4. Note that the large negative
paramagnetic Curie temperaturés, do not reflect reality, especially those deterdiralong theo-
axis. It is clear that in these situations, the sueaments need to be made at much higher temperatur
range. We then applied the crystal field (CF) tly@ororder to explain the observed highly anisoitop
behavior of the susceptibility of URAI,o. As is well known in the case of-®lectron systems, this
theory should be based on an equal footing of tea-atomic interactions, i.e. Coulombic, spin-
orbital and crystal-field interactions.

7 (107 emu mol™)

300

mol emu™)

= 200
"~

100

0

0 160 260 360

T(K)
Fig. 3. (a) Temperature dependencies of the magnetic diisitigp measured along the three main
crystallographic directions of orthorhombic UfRly, Low-temperature small upturn #(T) (wherei = a, b, ¢)
is assumed to come from impurities, the suscejtdisl of which follow the Curie law. Examples ofeth
correction is presented in the figure by respedti@shed curves which, however, cover the soliclmedlecting
CF calculations. In addition we show the susceliibrariation determined on the polycrystallinergae in our
previous paper [34]. (b) Corrected inverse susb#igs versus temperature (symbols) comparedhtumse
calculated (see text), marked by solid curves. @ations based on the CF splitting of ground midtiffsee in
Fig. 8 CF scheme of levels in K units), resulted d&f-electron configuration of tJ ion in here considered
uranium-ruthenium-aluminide. The dashed lines apoead to the Curie-Weiss fitting with parametersspnted
in Table 4.
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Table4
Magnetic parameters of Uy ;o and URYAI o obtained by Curie-Weiss fitting of the high tengtere region

of they™(T) curves (Fig. 3(b)).

300 K

. Xm Hp L a
Compound axis (10°emu eff
m0|-l) (K) (s)
UFeAlo[32] a 35 ~45 3.80
b 2.3 —700 4.3*
c 3.1 -160 3.38
URUWAI 19 a 3.2 -109 3.18
b 2.2 -595 4.0*
C 3.9 -62 3.35

* Any meaning ofi.s requires measurements performed at considerabiyhigmperatures.
2.3.2. The crystal field model

The strongly anisotropic magnetization charactedgsbf the ULAl,o series confirm the
presence of f5localized electrons in these intermetallic syster@¥ the three hypothetical
configurations expected for the uranium atom 5, 5f2and 53, only those with an even number of
electronsadmit finite values of the magnetic susceptibititjow temperatures (as shown in Fig. 3 for
URWAI o). The XPS data and DFT calculations [35] locat ghound multiplet formed by the“5
electron configuration sufficiently below the Feremergy to accept the conventional Hamiltonian for
localizedf-electrons, known for non-metallic systems [50]rtRermore, for the same reason, the on-
site Coulomb repulsion and the spin-orbit correttiepresented by the Slater integifeligk = 2, 4, 6)
and the spin-orbit coupling coefficief# should not diverge by a large amount. Hence, we anaept
the values known for UGeOF? = 61 376 K,F* = 56 803 K,F° = 35 176 K,(5x = 2482 K [51].
Attention should be paid to the importance of thecalled ‘J-mixing” term in the case of the uranium
compounds; this is still ignored in the literatudespite its strong influence on the sequence &f th
energy levels [52]. Simultaneous diagonalizatiorthef “free-ion” interactions (Coulomb and spin-
orbit interactions with the crystal field) breakitige spherical symmetry solves the problem.

Thus, to get the eigenenergigsand eigenvectors> of the subsystem of localized electrons,
we use the effective phenomenological Hamiltonian:

H=YF*fi+Xilssli*si + XiXkqBrg Cék) (ri/11) + us(l; + s;)B (1)

wherei numbers the electronk;= 2, 4, 6:;f¢ s, | are the angular Coulomb, spin and orbit operators
the space spanned by the two-electron wave-fursitiandF¥, (5 are the corresponding parameters
which are kept constant here. The third quantitfEmq (1) represents the crystal-field expansion in
terms of the normalized spherical harmonics, WI{Qf% andBy, are the coefficients. For the actual
C,, symmetry of the uranium site, there are nine iedelentB,, parameters. In the case of the
coordination system shown in Fig.B, are real and non-zero only ford (g< k) and even. The last
term represents théeemanenergy in the magnetic field. Having obtained the eigenstates of the
Hamiltonian in Eq. (1), the molar magnetizatiordirectioni is given by the formula:

_ Z#v.zﬂxiﬂ(_ﬁEu.z‘]
Mmoti = Na=g pE, )

)

where
_ —aEU.;-
#V,i - aBE . (3)

The corresponding molar susceptibility can be syngalculated by dividing the magnetization by
external magnetic field:
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o Mmo!,i
Xmom_ B; .

(4)

The measured temperature dependencies of the twagonentsi along thea, b and c
crystallographic directionsf the magnetic susceptibility can be modeled tiing theB,, parameters
of the Hamiltonian in Eq. (1). Because there ane mf these parameters, a relatively large nundver f
the G, point symmetry, we firstly employ a simplified GRodel called the angular overlap model
(AOM), according to which the CF parameters areedin combinations of so-called “intrinsic”
parameters'g u = 0(0), 1(z), 2(d); t = Ru, Al. AOM was initially formulated for optical aterials (see
[53] and references therein) and was extended taliesystems [54], with quantitative confirmation
later found in microscopic theory [55]. Details tife application of the model to the present
coordination sphere of the uranium atom can bedonh32].

Fig. 5. An uranium central atom and its 20 nearest neighbolJRyAl ;o projected on thac plane according to
the crystallographic data from Table 2.

The AOM and CF parameters were first fitted dingttl the experimental susceptibility data
in the thred directions as a function of temperature, usingGbadon routine [56,57] adapted to the
AOM approach using a version previously used byatthors [58]. The subsequent refined phase
included the standardization of the parameters ssacg to avoid their scattering between the
equivalent settings of the nominal coordinate systduring fitting (see [59] and [32] for details).

The final set of thd,, parameters is compared in Table 5 to those fr@mAdM estimation
and the previous results obtained for L&e,[32]. The AOM parameters for URAM 1, from which
the AOM set of theB,, parameters was evaluated, are the following (inl&pe and negative, =
-1039, —2561, positive,= 1980, 1107 and relatively small and positiye 324, 64, for U-Al and U-
Ru linear ligatorsrespectively. These values are similar to thoséJtegAl ;o, as reported earlier. The
negative values of some of the intrinsic parametgire comment; the effective crystal field sbgn
the open shell electrons immersed in the sea ofctimeluction electrons is determined by purely
guantum mechanisms, whereby the renormalizatiom tarising from the hybridization of the
localized states with the band states plays the mwé [55]. This contribution is consistent wittet
AOM constraints and provides positive intrinsic graeters, just as the simple point charge model.
However, there are other renormalization terms,esofhwhich produce contributions opposite in sign
to that of the hybridization contribution. The masportant of these appears as a result of formatio
of the virtual bond state (VBS, see [60]). Its rekadle influence was discussed for the first tinge b
Christodoulos et a[61] for rare earths in noble metals, where the &% formed by & electrons.
For the systems under consideration, the VBS isiéor by both thedand 5 electrons according to
the postulated dual nature of thieebectrons, and the effect should therefore be remdéth Although
the VBS contribution does not fulfill the supergamsi requirement of the AOM approach, it may be
partly reflected by the intrinsic parameters. Thie negative values of some of these may be
regarded as a manifestation of the dual naturdefSt electrons. Of course, we expect that further
studies at the microscopic level will confirm tigasoning.
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As for UFeAl, the refined values dB,, (Table 5) differ to some extent from their AOM
estimates; this indicates the limited accuracyhef AOM approximation mentioned above. They are
relatively large compared to the non-metallic usamicompounds (e.g. for Ude62]), although
slightly smaller than those obtained for the iroralague. This can clearly be seen from the energy
level schemes presented in Fig. 8. Proximity toRbami energy enhances renormalization, due to the
hybridization responsible for the CF effect in nietaand this has already been observed in non-
perturbative treatments for CefSliy, UGe, and UCuySi, [63-65]. As discussed previously, despite
obtaining relatively high absolute values of the fdfameters, the overall splitting of the ground
multiplet (predominantly consisting of tHEl, state) is rather moderate (2081 K). It is likehatta
mutual reduction of the fourth and sixth ranks d@&des place in the CF potential of the eigenersrgi

Table5
AOM and the refined sets of the parametBgs (in K) obtained with and without the AOM constrairas
described in the main text for URAI ;o and their comparison with the result for Yk, [32].

UFeAl15[32] URWAI 1
By, AOM Refined AOM Refined
By 317 -561 731 1000
B, -557 -304 —-609 156
B, 5428 2977 4879 934
B, —-2216 -3064 —-2316 —2700
By —219 -1695 29 67
Bec —8097 -11179 -8572 -5309
Bs; —7959 -1089 8255 —9595
Bes 7425 8352 7001 8539
Beg 1737 8470 748 2575

As Fig. 3 indicates, our CF model fairly accuratébscribes the susceptibility measurements
across the entire temperature range except fdowest region, where the observed susceptibility ta
can be attributed to undefined paramagnetic imipsritVe notice that the model susceptibility curves
are sensitive to the CF parameters, which enhatheeseliability of the obtained results. A similar
sensitivity is seen for CeRAll 1o in [23], where the two sets of CF parameters G&#l GS#2 give
almost the same energy level schemes, accorditiget@dges of the X-ray absorption observed in
M, s but completely different temperature dependernmi¢se magnetic susceptibility. The question is
whether the two sets of parameters giving almastsdime energies are really different. In fact, they
become similar if they are expressed using the samoalinate system. Following the standardization
described in [59], which in this case relies onrbt@tion of the nominal coordinate system of tbe s
GS#1 by Euler angles (@/2, 0), the first set GS#1 in Table 5 of [23], certed to the Wybourne
normalization used here, becomes (in B); = 488,B,, = 237,B4 = —83,B4, = —-1208,B44 = 337.
This set is closer to GS#2 than the original se#tI531ore specifically, theloseness factof59] of
the two sets, the above rotated GS#1 set and ihiealrGS#2 set, increased to 0.869 from the initia
value of 0.241. Comparing the GS#1 set, regardethéyauthors of [23] to be more reliable than
GS#2, with the parameters in Table 5 obtained fanium for k< 4, we see that these are smaller, as
expected for thef&electron system with respect to tHfeohe. The extremely large six-rank parameters
seen in our Table 5 indicate once again the ppaiitin of the band component of thieetectrons in
the VBS, thus confirming their dual nature.

2.4. Thermal properties

The specific heat dat&,(T) of URWwAl,, and the reference compound ThRU, both
measured between 2 and 300 K for single crystedssi@own in Fig. 6. As this figure illustrates, she
curves lack any type of anomaly associated withadgring, throughout the entire temperature range
measured. The electronic specific heat constafits,and the Debye temperaturés, were found for
B = 0 in the usual way from a least-squares fithef@,/ T vs.T? data, as shown in the upper inset in
Fig. 6. There is an apparent difference from theiatian of C/T measured in the case of
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(U;Th)FeAl, [28]. For the latter ternaries, these data follawcurve including the magnetic-
fluctuation termT4nT, which exhibits an upturn IC,/T at low temperatures. However, the curve
behaves differently for the Ru-containing U- andbiésed aluminides; the@,/T vs. T? functions are
linear, and extrapolation 6= 0 K yieldsy(0) ~ 21.0(5) and 7.6(5) mJ mbK?, respectively. These
values can be compared with the values of 28.5¢k) 22.5(5) mJ mdi K? found for the
corresponding Fe-containing aluminides [28]. Itlesar that the(0) value for ThFgAl,, which is a
result of the magnetic fluctuations at the iroe sit low temperatures, is almost three times |atfugam
that for ThRyAl 1. This may indicate the lack of magnetic fluctuatiefiter an exchange of Fe by Ru.
Furthermore, the almost parallel behavior of tmaight lines of botlC,/T vs. T? functions yields close
values of@p, which are roughly equal to 468(10) K. For terearcontaining Fe?p = 440(10) K [28].
This is a consequence of the lattice contributieviich are almost the same for all these ternaries;
these phases not only have the same crystal steuyjoe with negligibly different lattice parameter
but also the same 4+ valence, and the differentieeiin molecular mass for each pair (U, Th}Aey
and (U,Th) RwAl 14 is only about 0.9 %.

In the lower inset of Fig. 6, we plot the magnet#rt of the specific heat, which is obtained by
subtracting the specific heat of ThiRly, from that of URYAl 5. The excesaCy(T) found from this
subtraction is roughly treated as a Schottky-likatdbution of the &electrons. As shown in this
lower inset, the solid curve is drawn as an avexdghe data. The obtained smooth curve shows a
broad maximum at about 100 K. Th@g (T) contribution to the total specific he@f(T) is discussed
later in this paper. The specific heat excess dubéa magnetic contribution, however, is very tiny
comparison to the total specific heat values oftiadecule, which contains as many as 13 atoms. This
becomes especially important at higher temperatundeere this relative smallness leads to a
considerable increase in the experimental erroncelewe are able to obtain reasonable results only
up to 250 K. Any better determination of this exxe®uld require much more precise measurements
on heavier crystals, to decrease the deviatiorhénmeasured data. Despite these difficulties, the
obtained Schottky-type anomaly is clear, indicatthgt the crystal field approach applied in the
interpretation of the magnetic and transport priggeof uranium aluminides containing Fe [28], Ru
[present paper] and Os [in preparation] is fullgtified. Hence, these TJAl, caged systems merit a
much deeper study, as for UPthdeed, this intermetallic compound was regafdednany years as a
unique system, exhibiting CF interactions compardbl that acting in the insulator Y@B3]. At
present, there are few examples of uranium inteatfiet for which crystal field excitations have bee
found (see discussion below).

As has recently been recognized (see Introductitim}, phonon part of the caged-type
compounds can be described by taking into acctnnEinstein modes (except for the Debye modes).
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Fig. 6. The specific heat of URAI;, and ThRuAl;o measured up to RT. Inset (a) shows the correspgi@iiT
vs. T? curves, and inset (b) illustrates the experimeehottky-type contribution to the specific heat of
URUWAI 1o. The solid line is a smoothed average curv€=p(T).
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As pointed out in more detail previously [28], inew of this phonon behavior, the temperature
variations of three components can be estimatedDdbyeCp(T), EinsteinCg(T) and electroni€(T)
contributions. For this purpose, we first plot MgThRWAI 10/T° vs. T dependence, together with the
same curve for UR&AI o, as shown in Fig. 7. It should be recalled that liter contains another
contribution, namely the Schottky anomaly. As carsben, this dependences for the Th- and U-based
aluminides considered in this paper show maximg,gt= 22(1) and 19(1) K, respectively, indicating
that we are concerned here with the optical moaesp# for the acoustic modes. Both the observed
peaks are rather broad; these were discussed iaveops paper for (U;Th)RAl, [28]. We could
estimate the main respective Einstein tempera@sékr, (= 110 K) and@g, (= 95 K) based on the
simple thermodynamic equati@: =~ 5 x T, Of course, the observed broad pealCyir vs. T
function can be deconvoluted into several peakewér intensity reflecting otha®g, as was done in
[28]. However, we have limited ourselves here timegting only the main Einstein temperature for
each compound. In the inset of Fig. 7, we predsmtabbove function for the aluminides considered
here, but dependent on Thgwe also mark the contributions originating from #dectronic specific
heat,C,(T) using dashed lines. These temperatures are cabipao those found for the Fe-system
studied previously [28].

-
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FIG. 7. The Cp(T)/T3 versusT and lod (inset) dependencies for (U, Th)JAl,o. The dashed lines in the inset
represent the electronic specific heat variatiothéform ofC4(T)/T®versus log.

For better recognition of the Schottky anomaliesfoth uranium systems containing Fe and
Ru, we plot in the upper part of Fig. 8 the CF lesghemes obtained in our intermediate calculations
for these two compounds; in the lower part of figsire, we present the corresponding theoretical
Schottky anomalies, using the following expression:

2

R
Csen(T) = =3

s, e BT 3 e BT

(5)

where the summation runs over the nine eigenvddu@sis the universal gas constant).

The above CF schemes yield different temperatupestident curves for the above aluminides
below about 250 K, and have almost the same termperdependencies above this temperature. As
can be seen, however, the maxima are different. Magimum for Fe-containing aluminide is
broadened, while for the corresponding Ru-alumiriide much sharper. In our previous paper [28],
we found fairly good agreement between the themaktind experimental data for URé&,, (not
shown here). It seems that we have a similar agreefor the data for URAI,, presented here,
despite the experimental difficulties describedliearin this text regarding the estimation of an
anomaly in multi-atomic compounds. In the same riguve plot the magnetic entropy, which
increases smoothly to a value slightly belgn7 at 600 K for both systems.
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Fig. 8. Upper panel: Crystal field schemes for URlY, (this work) and UFIl, (Ref. [28]). Lower panel:
Schottky anomaly (left hand scale) and magneticopgt(right hand scale), both based on the givéeses of
CF levels for U(Fe;RyAl 1.

2.5. Transport properties
2.5.1. Electrical resistivity

In Fig. 9, we plot the electrical resistivigy against temperatur€ measured for a single
crystal of URuAI o, with the current) applied along the three main crystallographic axesa, band
c. Note that all these curves have similar shapéh, rapidly increasing resistivity above 50 K and a
inflection point, Ti;, at around 80 K, where the temperature derivaiilgT)/dT, goes through a
maximum (not shown hereAs can be seen from this figure(T) shows a strong tendency to
saturation at temperatures above 150 K, finallghewy the following values at RT: 280, 290 and 250
uQ cm for thea, c andb axes, respectively. The corresponding residu@treses pg are 14, 12 and
5uQ cm. It is also apparent from this figure that ph@) andp(T) curves behave similarly and that
the anisotropy relates mainly to thexis, for whichpy(T) assumes lower values. Similar anisotropy
was reported by Blanco et al. [66] in a system witiiagonal symmetry, namely PgNThese authors
pointed out that a quadrupolar contribution plagsraportant role in the observed anisotropy. Thus,
we can expect the same situation for the uraniustesys with axial symmetry considered here; these
possess an aspherical distribution bttbarges, which in turn also influences the mageststivity
through an anisotropic quadrupolar contribution.

Comparing these data fpf(T) to those previously reported for U, [32], we can see a
very close similarity. In this figure, we also shake residual resistivity ratios (RRR), which are
somewhat different for each axis of measurementtakel values from 20 to 49. The corresponding
values for UFgAlgare between nine and 13 [32]. The inset of Fidh@\s the low-temperatuge vs.

T? functions taken at zero magnetic field. These asetjzally straight lines (except for the lowest
range of temperatures), indicating a Fermi liquidtes Table 6 gives the values of the residual
resistivitiespg; and the corresponding coefficient tar URWAI o found for the three main axes, and a
comparison of these values for YRk, Interestingly, the Kadowaki-Woods relatiog/40)* ~ (0.5 —
1.3) 10° (uQ cm K2mol* mJ?) is followed here [67].
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Fig. 9. Electrical resistivity of URpAl;p as a function of temperature measured for theethmain
crystallographic axes. Insef;versusT?. As is evidenced from the inset, the Fermi ligsidte characterizes the
Ru-based aluminide. Here, however, the lowesttigitjsvalues are found along theaxis instead of the-axis
observed for UR&AI 4 [32].

The py data taken at 9 T with the field applied perpeuldicto the flowing curreng are
higher than the zero-field values, reaching respalgtabout 19, 14.5 and &2 cm (not shown here).
These results indicate that the traverse magnédtarse (TMR) is also positive, as for YRgy, [32],
and this is discussed below.

Table 6
Low-temperature electrical resistivity parameters.
) poexp Drmin pocalc Ai
Compound axis (MQcm) (UQcm) (UQcm)  (UQcm K?)
UFeAl[32] a 325 324 31.7 0.00495
b 28.7 29.7 0.00331
c 22.6 22.3 0.00340
URWAI 1o a 13.96 13.6 0.00558
b 5.11 5.08 4.9 0.00221
c 11.90 12.0 0.00281

The observed shape of th€T) functions of URbAI o, as for UFgAl 1o [32], is reminiscent of
those measured for several intermetallic compowodsaining isoelectronic ions to*t) for example
Pr*. Other examples are cubic Py[68], hexagonal PrGuorthorhombic PrCy[69], and a number of
other metallic PY systems showing the CF effect. It is worth meritigrthat of the caged systems
such as the PrRAs;, skutterudite[70] and others, the(T) function has also been analyzed in terms
of the CF model. None of these systems show magoetiering, down to the lowest temperature
measured, since their ground state is a non-mag@étisinglet. The orthorhombic uranium ternaries
considered in this paper also have this groun@.s@bod quantitative agreement between theory and
experiment was obtained for all these examplesyigtig the subtraction of a phonon component from
their total resistivities using the data of theresponding isostructural non-magnetic counterpart,
namely ThFgAl 4 (see e.g. [28]). From the previous measuremer@gssume that the dramatic jump
in resisitivity at about 50 K is unrelated to angignetic order, spin fluctuations, mixed valenceesta
or coherent Kondo effect, which are often citedhia literature as explanations for similar shafdes o
the p(T) behaviors of many intermetallic systems. Unfoatigty, the phonon contribution is not taken
into account in our data for URA ;o due to the lack of a suitably sized single crysfalhRyAl 4 to
carry out such measurements. However, the inclusfothe phonon contribution would cause the
high-temperature slopep@iT to be negative. This, in turn, would indicate somkendo-like
participation in the electron scattering effectt this can hardly be considered a Kondo effect in
singlet CF ground state materials. Nevertheless,gfoblem was considered in [71] for the case of
PrSn and its solid solutions with LagrAs pointed out by Kuramoto et al. [72], the CRgéet ground
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state can give way to Kondo singlets through exghanteraction with the conduction band (see also
[28]).

The close similarity between thagT) (Fig. 9) and those presented earlier for g (see
Fig. 9 of [32]) and the results of theoretical cddtions for the latter aluminide (see Fig. 12 28])
gives rise to the conclusion that for agreementh wikperiment, we have to include some Kondo-like
interactions in both uranium ternaries consider®e ljapart from the CF and quadrupolar effects). Fo
further discussion of this problem, see [28,32].

We also performed measurements of transverse nmagestivity (TMR) for URYAl 4,
defined asAp/p(0)] = 100x[p(B) — p(0)1/p(0) (%). These measurements were carried out ovede
range of temperatures (from 2 to 80 K) and magriigids up to 9 T, for the curredt flowing along
the three main crystallographic axes and arranggdepdicular to the applied magnetic field. The
obtained results are analogous to those reportedFeAl, (see Fig. 10 in [32]). In both cases, the
field variation of TMR displays a typical metallig(T)B" dependence with increasing magnetic field
strength, where the exponent n, detected for tteetmain directions = a, b andc, lies in the ranges
1.86-1.23, 1.79-1.50 and 1.75-1.33, respectivehenathe temperature changes from 2 to 80 K.
These results indicate that the curves show a parabolic character at low temperatures, while at
higher temperatures they evolve to almost linediabier. For all these three cases, Mapén;(0);, (%)
vs. B function is positive (not shown here) and the fioeiht A(T) decreases smoothly with
increasing temperature for each case.
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field, owing to the electron-rattling interactioseg the text).
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The main aim of this work focuses on a comparisfathe resistivity behavior dependent T
(after subtracting either the residual or minimuesistivity from the total resistivity (see Table).6)
These data were taken at zero and 9 T and areglottFigs. 10(a) and 10(b) for the Fe- and Ru-
based compounds, respectively. Thus, these figomesent the results obtained for a temperature
region of below about 16 K. As expected based aneaulier results obtained for YB[11] and
ThFeAl o [28], UFeAl ;o and URYAI o also reveal a new phenomenon under an applieti ¢ied T,
for example. This phenomenon has already beenidedcby the current authors, and is associated
with a large scattering of the experimental regitstipoints at low temperatures after applying an
external magnetic field. This effect is strong mearystallographic direction, and weak in botheosh
However, measurements taken at zero field give sergothy;(0) vs T? curves, where the size of the
experimental point represents the accuracy of teasarements. We would like to emphasize that the
data in Fig. 10 unambiguously indicate that theliagdield substantially influences the rattlingtoke
central ion inside its oversized Al ] cage, causing its chaotic motion. This effedhis result of an
existing interaction between the rattling and tbeduction band. This interaction, called “electron-
rattling (e-r)”, has already been described foreotbaged-type compounds, such as the 1:2:20
intermetallics [7]. As is the case for ThR&, [28], this phenomenon is strongly anisotropic and
vanishes rapidly with increasing temperature. Hngdst scattering effect is clearly seen for LRy
along thea-axis, which is also the axis of the largedthybridization, and is perpendicular to the easy
c-axis [21]. Further details of this type of intetian and its influence on the physical propertiethe
caged-type compounds will, we hope, be given inftitere. Various types of modern investigation
will allow for a much better understanding of tloedlized character of thd Blectrons in a metallic
surrounding and a recognition of the mechanismhefrtdual nature. Until now, except for URd
which was considered for many years to be a caabsystem of this behavior, only a few examples
have been reported, such as UPdSn, UNiSn and $etbexr complex uranium intermetallics, for
which neutron inelastic measurements confirmedpitesence of the crystal field excitations [73].
However, in contrast to the 1:2:10 ternaries cared here, all the systems mentioned above exhibit
either magnetic, quadrupolar or structural traosgi at low temperatures, which makes the
interpretation of any obtained data much more carafd. For example, UR@xhibits as many as
four different quadrupolar transitions at low temgiares [74].

Fig. 11 shows the thermal behavior of TMR (operalsrsymbols) taken at 9 T for single-
crystalline samples of URAI 1.

URU,AL,

& ©0 v T,B=9T) |
5 A OV,B=9T,7)
R —— fittodata (Eq.(6))

1 10 100
T (K)

Fig. 11. Transverse magnetoresistivity of UL, as a function of temperature along three main

crystallographic axes Solid lines denote fittings to Eq. (6) (in thexge 2— 100 K) with parameters a = 0.317,

0.546, and 0.865 FT(uQ cmyh)], b = —-0.025, -0.017, and -0.078 FT(uQ cm)?)] for axesa, b, and c,
respectively. In the inset see a minimunpi(r) at low temperatures.

We also plot on these smoothed curves the resulisTa(closed large symbols) selected from the
Aplp(0); vs. B dependencies (not shown here). As can be seeh, rheasurements are in good
agreement. These curves first decrease smoothlytreerd rapidly, almost to zero, with increasing
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temperature, as for UB[11]. Note that the curve for = a shows a distinct scattering of the
experimental points, in agreement with the datavshon Fig. 10(b). The flat maximum in TMR
observed for th-axis at about 5 K arises due to a diffuse minintugimg reached at this temperature
by py(T), as shown in the inset of Fig. 11.

As Fig. 11 shows, thap/p(0); versusT dependencies (where= a, b andc) taken at 9 T for
URWAI 1o can be fitted fairly well by Eqg. (6) (solid lines)

ap; B’
. - a; : :B2°
p;(0) i[pi(0,T)]+b;B (6)

where aand b are the field- and temperature-independent paemsieivhich depend exclusively on
conduction electron properties, ap@0,T) is the total resistivity at zero field. The abol@mula
describes so-callechormal magnetoresistancei.e. the influence of the magnetic field on the
conduction electron trajectories (the so-calledelnte effect) [75]. This mechanism always gives rise
to positive TMR, the magnitude of which increasesd reduction in temperature for a fixed finite
field. This effect is due to the simultaneous daseein electron-phonon scattering, which always fal
when the temperature is decreased. The derivednptees of Eq. (6) are given in the caption to Fig.
11. The anisotropy in the temperature variationTBfR observed for our aluminides seems to be
caused by thes-f hybridization, which is also strongly anisotropit.was deduced that the-f
hybridization for this material is large in tlae-plane but very small along theaxis It is puzzling
that one consequence of the anisotropy mentionedeais the large difference between the Fe- and
Ru- counterparts in the value of TMR, e.g. in tireation of theb-axis. For the latter, we find the
highest value of about 60%, while for the formes tbwest value is about 4% (see Fig. 11 in [32]).
Another difference is the lack of a maximumaip/p(0);, vs. T, observed only for URAI o along thec-

axis of the flowing current. An explanation for $leedifferences requires deeper study and the
consideration of data for U 1o, which are now in preparation.

2.5.2. Thermoelectric power

The thermoelectric power (TERJ(T), of URWAI;, was also measured along the three main
crystallographic axes, and the results are displayé&ig. 12.
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Fig. 12. Thermoelectric power of URAI o as function of temperature measured along threstaltggraphici
directions Dashed lines denote fits of Eq. (7) 8(T) data with parameters given in Table 7. Inset: low-
temperature thermoelectric pow®&(T). Solid lines represent the slope§/dT, drawn in the temperature range
from 0.4 to 3.5 K. The numerical values of the slopre also given in Table 7.

As can be seen, all these curves are stronglyndiepé on temperature, and show distinct broad
maxima at 65, 75 and 35 K for a temperature gradidndirected along the-, b- and c- axes,
respectively. Across the temperature region meds(@et to 300 K),S,(T) and S(T) are positive,
while S(T) is negative. After reaching a pronounced posithaximum with a value of 18,5V K™,
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S(T) starts to smoothly decrease further, reachinge®&uV K™ at RT. We previously found a very
similar temperature variation in TEP along thaxis in the case of Uk&Il 1, [32]. The similarity in
the TEP of both ternaries also existsSi(Il), since their temperature variations are negatne have
broad negative maxima at almost the same temperafuabout 65 K; however, the values reached at
this temperature are different, namely -12 and 1iX/5K™ for the Fe- and Ru-based aluminides,
respectively. Moreover, both curves display verffude negative minima at about 110 and 150 K,
finally reaching values of —18 and ¥ K™ at RT. However, the largest difference is showithin
behavior of S(T). This function is negative for UB&l o across the whole temperature region
measured, first showing a deep maximum at aboug @th a large value of —28V K™, and then a
diffuse minimum at about 200 K, and finally reachim value of -18V K™ at RT, which coincides
with that of S(T). The behavior of the corresponding curve for LRy is the opposite; it is entirely
positive, reaching a maximum at about 45 K withatue of 7.5uV K™, and falls almost linearly to a
value of 1.8uV K™ at RT. Fig. 12 shows the temperature variatiomEP for the polycrystalline
sample of URpAIl,, the data for which we reported several years[8db This curve reflects the
shape of5(T), with a very shallow negative maximum at abouk5énd a positive maximum at about
150 K.

Above this temperature§,q(T) reaches a magnitude close to zero at RT. Thispaason
clearly reveals that strong anisotropy in TEP doast in the U(Fe;Rull 1o ternaries.

We also plot all three low temperatug€T) curves in the inset of Fig. 12, and draw their
slopes, &/dT, the values of which are given in TableA& this inset shows, an approximate zero
value is achieved by this function at abdut: 0.4 K. Hence, we can infer the probability of a
superconducting state occurring in YRl just below this temperature. In Fig. 12, we alsarkm
(with dashed curves) the calculated total thernmetepowerS(T) by applying Eq. (7), as proposed
by Fulde and Peschel [76].

S(T) = S(T) + SHT) = AT + constant > (T/5) (7

where §; and & are the two main contributions to the total TEIR, the diffuse and CF effect
contributions, respectivelyd = w2k /eEp, whereé is the thermoelectric parameter [7F[T/9) is a
universal function with a maximum &.«~ 0.3, whered is the energy distance between the ground
and first (or closed group) excited CF levels. Titteg parameters are listed in Talle As can be
seen from Fig. 12, the fitting curves (dashed hragsely reproduce all the observed extrema in the
S(T) curves. Nevertheless, this fitting should betedavith some caution. In Equation (7) above, the
possible presence of the phonon dr&g as been omitted, and the derived energy spjitietween

the ground and the first excited CF level(s) shdaddreated as an approximate value. More detailed
studies including an external magnetic field mayedi better view of the TEP in these aluminides.

Table7
Fitting parameters of Eq. (7) to thermoelectric po8(T) data and the slopesS¢Ir)/dT, calculated in the
temperature rangeld= 3.5 - 0.4 K.

Axis A (UV K? Const. (VK?Y d(K)  dS(T)/dT (uv K3

a —-0.00524 -6.62 242 —-0.05
b —-0.00014 21.28 311 1.29
c -0.00014 8.13 276 0.22

4, Conclusions

We examine another uranium ternary compound froen 1t2:10 series with a cage-type
structure, namely URKAI o This can be regarded as being simultaneously datietallic system and
a Van Vleck paramagnet, without a tendency to miagreedering down to the lowest temperature
studied of 0.4 K. This behavior was inferred in theeme way as that previously estimated for
UFeAl o from bulk measurements performed on single-ciystasamples of URiAI 4. It was found
that 5 electrons of uranium form two different subsetse @ located arounB: in the conduction
band, and the other has a binding energy b&aw he former state was closely reproduced by band
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structure calculations reported earlier [35], whiile latter, with a & configuration, represents a fully
localized character. This state was therefore omefil using CF potential calculations, in which the
complex intermediate coupling method was used;ishisdispensable in the case of CF probing of the
5f electron system. The obtained CF level splittimpesne enables us to reproduce the strong
anisotropy in the temperature variation of the negignsusceptibility. We also find the Schottky-type
data is reproduced well in this scheme; this wasaeted for URpAIl in a similar way as for
UFeAl o [32]. The extraordinarily high values of six-rali parameters estimated for both the
compounds and the divergence of these witkh B with respect to the cerium analogue can be
explained as a consequence of thal nature of thef electrons. In addition to the magnetic and
specific heat results, we also carried out electramsport measurements. The evolution of the
temperature dependence of the resistivity clearfigests the dominance of the CF effect in its shape
as shown for its Fe-counterpart [28]. This effacaliso predominant in the thermoelectric power,data
leading to the occurrence of the large maxim&(m) (i = a, b andc) in a similar manner to that
described previously for Uggl, [32]. In addition, we attain further confirmatiorf the dual
character of thefflectrons in URsAl ;o by analyzing the transverse magnetoresisistiVikys reveals
that the rattling of the 1) ion in the [RuAl ¢ cage is strongly disturbed by the applicationaof
magnetic field, which gives rise to anisotropic &dgbr in terms of the substantial scattering of the
experimental resistivity points detected only at lemperatures. This effect was observed for tis¢ fi
time in another caged uranium compound,4JB1]. This can arise from the interaction betwéss
rattling of the central atom and the conductiondyamd this has also been described for other eaged
type compounds such as ternaries with 1:2:20 stmetiry [7]. We believe that this new effect merits
further detailed study. Moreover, we regard th&,Al;, ternaries as excellent materials to be
examined by more advanced methods, in view of sécific electronic structurefalism)and the
rattling of the U* ion in its oversized cage.

Acknowledgments
The authors are grateful to the IT Centre at thstitlte of Low Temperature and Structure Research
of the Polish Academy of Sciences in Wroctaw far tise of supercomputers and technical support.

References

[1] H. Kusunose, K. Miyake, Two-channel Kondo modsl a fixed point of local electron-phonon
coupling system, J. Phys. Soc. Jpn. 65 (1996) 3032.

[2] K. Hattori, Y. Hirayama, K. Miyake, Local heaguasiparticle in four-level Kondo model, J. Phys.
Soc. Jpn. 74 (2005) 3306.

[3] Z. Hiroi, Y. Yamaura, K. Hattori, Rattling goosuperconductorf-pyrochlore oxides AQSs,

J. Phys. Soc. Jpn. 81 (2012) 011012.

[4] V.M.T. Thiede, T. Ebel, W. Jeitschko, J. Mat€hem. 8 (1998) 125.

[5] S. Niemann, W. Jeitschko, Ternary aluminidgsAl,, (A = rare earth elements and uraniuins
Ti, Nb, Ta, Mo, and W) with CeGAl ,,-type structure, J. Solid State Chem. 114 (199%) 33
S. Niemann, W. Jeitschko, The crystal structureYbFeAl,,, a combined substitution and
stacking variant of the ThMpand CeMgAl g type structures, Z. Kristallogr. 210 (1995) 338.

[6] Z. Hiroi, A. Onosaka, Y. Okamoto, J. Yamaura, Harima, Rattling and superconducting
properties of the cage compound, Al ,,, J. Phys. Soc. Jpn. 81 (2012) 124707.

[7] A. Onosaka, Y. Okamoto, J. Yamaura, Z. Hi®uperconductivity in the Einstein solidWAl 5
(A = Aland Ga), J. Phys. Soc. J@1(2012) 023703.

[8] M.J. Winiarski, B. Wiendlocha, M. Sternik, P. i¥fiewski, J.R. O'Brien, D. Kaczorowski,
T. Klimczuk, Rattling-enhanced superconductivityMiV,Al o (M = Sc, Lu, Y) intermetallic cage
compounds, Phys. Rev. B 93 (2016) 134507.

[9] J. Teyssier, A.B. Kuzmenko, D. van der Merel Marsiglio, A.B. Liashchenko, N. Shitsevalova,
V. Filippov, Optical study of electronic structuamd electron-phonon coupling in ZgB Phys.
Rev. B 75 (2007) 134503.

[10] N.E. Sluchanko, A.N. Azarevich, M.A. Anisimo®,V. Bogach, S.Yu. Gavrilkin, M.l. Gilmanov,

V.V. Glushkov, S.V. Demishev, A.L. Khoroshilov, A.V Dukhnenko, K.V.Mitsen,
N.Yu. Shitsevalova, V.B. Filippov, V.V. Voronov, K.Flachbart, Suppression of

21



superconductivity in LyZr, ,B1,: Evidence of static magnetic moments induced bymagnetic
impurities, Phys. Rev. B 93 (2016) 085130.

[11] R. Tr&t, R. Wawryk, A. Pikul, N. Shitsevalova, Physicabperties of cage-like compound UB
Phil. Mag. B 95 (2015) 2343.

[12] P. Swatek, D. Kaczorowski, Magnetic and eieatr properties of UGAI,, single crystals, J.
Solid State Chem. 191 (2012) 191.

[13] C.H. Wang, J.M. Lawrence, E.D. Bauer, K. Kqihbi, J.S. Gardner, F. Ronning, K. Gofryk, J.D.
Thompson, H. Nakotte, F. Trouw, Unusual signatofafie ferromagnetic transition in the heavy
fermion compound UMl 5, Phys. Rev. B 82 (2010) 094406.

[14] P. Wigniewski, P. Swatek, A. Gukasov, D. Kaczorowski,réeragnetism in UMsAl,, studied
with polarized neutron diffraction and bulk magoetheasurements, Phys. Rev. B 86 (2012)
054438.

[15] A. Uziel, A.l. Bram, A. Venkert, A.F. Kiv, DFuks, L. Meshi, Abrupt symmetry decrease in the
ThT,Al alloys (T = 3 transition metal), J. Alloys Compd. 648 (2015) 353

[16] M.J. Winiarski, J.-C. Griveau, E. Colineau, Wochowski, P. Winiewski, D. Kaczorowski,
R. Caciuffo, T. Klimczuk, Synthesis and propertasA,V,Al,o (A = Th, U, Np., Pu) ternary
actinide aluminides, J. Alloys Compgb6 (2017) 1113.

[17] P. Swatek, D. Kaczorowski, Magnetic behaviar UFeZn,, and URWZny, single crystals,
J. Phys.: Condens. Matter 23 (2011) 466001.

[18] E.D. Bauer, C. Wang, V.R. Fanelli, J.M. Lawten E.A. Goremychkin, N.R. de Souza,
F. Ronning, J.D. Thompson, A.V. Silhanek, V. Vildas A.M. Lobos, A.A. Aligia, S. Bobeyv,
J.L. Sarrao, Simplifying strong electronic corridas in uranium: Localized uranium heavy-
fermion UM,Zn,, (M = Co,Rh) compounds, Phys. Rev. B 78 (2008) 115120.

[19] P. Swatek, M. Daszkiewicz, D. Kaczorowski, #aagnetic heavy-fermion ground state in single-
crystalline UlpZn,, Phys. Rev. B 85 (2012) 094426.

[20] H. Tanida, Y. Nonaka, D. Tanaka, M. Sera, Yawé&mura, Y. Uwatoko, T. Nishioka,
M. Matsumura, Magnetic anisotropy of Kondo semiawmidr C&,Al;0 (T = Ru,0s) in the
ordered state, Phys. Rev. B 85 (2012) 205208.

[21] M. Sera, D. Tanaka, H. Tanida, C. Moriyoshi,. NDgawa, Y. Kuroiwa, T. Nishoka,
M. Matsumura, J. Kim, N. Tsun, M. Takata, Crystalisture and anisotropiz—f hybridization in
CeTAl 1o (T = Ru, Fe), J. Phys. Soc. Jpn. 82 (2013) 024603.

[22] K. Hanzawa, Crystalline electric field effedts CElLAl (T = Ru, Os), J. Phys. Soc. Jpn. 80
(2011) 023707;

D.T Adroja, A.D. Hillier, Y. Muro, T. Takabatake,.®. Strydom, A. Bhattacharyya, A. Daoud-
Aladin, J.W. Taylor, Muon-spin-relaxation and irgla neutron scattering investigations of the
cage-type Kondo semimetals: GAT, (T = Fe, Ru and Os), Phys. Scr.(2813) 068505.

[23] F. Strigari, T. Willers, Y. Muro, K. Yutani, TTakabatake, Z. Hu, Y.-Y. Chin, S. Agrestini, H.-
J. Lin, C.T. Chen, A. Tanaka, M.W. Haverkort, L. Heng, A. Severing, Crystal-field ground
state of the orthorhombic Kondo insulator CeRu, Phys. Rev. B 86 (2012) 081105(R).

[24] F. Strigari, T. Willers, Y. Muro, K. Yutani, TTakabatake, Z. Hu, S. Agrestini, C.-Y. Kuo, Y.-Y.
Chin, H.-J. Lin, TW. Pi, C.T. Chen, E. Weschke Sehierle, A. Tanaka, M.W. Haverkort, L.H.
Tjeng, A. Severing, Crystal field ground state b& torthorhombic Kondo semiconductors
CeOsAl g and CeFgAl 1o, Phys. Rev. B7 (2013) 125119.

[25] S. Kimura, T. lizuka, H. Miyazaki, T. HaijriMl. Matsunami, T. Mori, A. Irizawa, Y. Muro,
J. Kajno, T. Takabatake, Optical study of charg&aibility in CeRuyAl, in comparison with
CeOsAl g and CeFgAl 1o, Phys. Rev. B 84 (2011) 165125.

[26] Y. Muro, K. Motoya, Y. Saiga, T. Takabatakeyriation of a hybridization gap in a cage-like
compound CeFRAl o, J. Phys. Soc. Jpn. 78 (2009) 083707.

[27] AM. Strydom, P. Peratheepan, Magnetism arattednic correlations in the iron aluminides
RFeAl 1, (R=Y, Yb), Phys. Status Solidi RRL 12 (2010) 356.

[28] R. Tr&t, R. Wawryk, Z. Gajek, M. Pasturel, M. Samsel-Ctak@omparative studies of the cage
systems ThEAIl o and UF@Al 15, J. Alloys Compd. 727 (2017) 1302.

[29] P. Khuntia, A. Strydom, F. Steglich, M. BaenitQuenching of spin fluctuations in the 3d and 4f
aluminides YFeAl,, and YbFeAly: a comparativ§7AI NMR and specific heat study, Phys.
Status Solidi B250 (2013) 525;

22



P. Khuntia, A.M. Strydom, L.S. Wu, M.C.d¥xson, F. Steglich, M. Baenitz, Field-tuned critica
fluctuations in YFeAl,; Evidence from magnetizatioﬁ?AI NMR, and NQR investigations,
Phys. Rev. B 86 (201220401(R).

[30] K. Park, L.S. Wu, Y. Janssen, M.S. Kim, C. faes, M.C. Aronson, Field-tuned Fermi liquid in
guantum critical YF&l 1o, Phys. Rev. B 84 (2011) 094425.

[31] T. Sugai, Y. Haga, T.D. Matsuda, E. Yamamdto,Tateiwa, F. Honda, R. Settai, ¥nuki,
Single crystal growth and physical properties ohaey uranium compoundsNyAl,, (M = Fe,
Ru and Os), J. Phys.: Conf. Ser. 273 (2011) 012122.

[32] R. Trat, M. Samsel-Czekata, E. Talik, R. Wawryk, Z. Gajbk, Pasturel, Electronic, magnetic,
transport, and thermal properties of single-crlis@lUFeAl 1o, Phys. Rev. B 92 (2015) 104427.

[33] K.O. Kvashnina, H.C. Walker, N. Magnani, G.Hander, R. Caciuffo, Resonant x-ray
spectroscopy of uranium intermetallics at tgs edges of uranium, Phys. Re®.95 (2017)
245103.

[34] R. Trat, M. Pasturel, O. Tougait, M. Potel, H. Noél, Cajstructure and physical properties of a
new intermetallic compound URA 1, Intermetallics 19 (2011) 913.

[35] M. Samsel-Czekata, E. Talik, M. Pasturel, Ro¢T Electronic structure of cage-type ternaries
ARWAI o — theory and XPS experimert € Ce and U), J. Alloys Compd. 554 (2013) 438.

[36] G. Zwicknagl, A.N. Yaresko, P. Fulde, Microgéo description of origin of heavy quasiparticles
in UPt, Phys. Rev. B 65 (200081103(R).

[37] G.M. Sheldrick, SADABS, Bruker AXS Inc. MadispWisconsin, USA, 2001.

[38] A. Altomare, M.C. Burla, M. Camalli, G.I. Cam@no, C. Giacowazzo, A. Guagliardi,
A.G.G. Moliterni, G. Polidori, R. Spagna, SIR97new tool for crystal structure determination
and refinement, J. Appl. Cryst. 32 (1999) 115.

[39] G.M. Sheldrick, A short history of SHELXcta Cryst. A 64 (2008) 112.

[40] E. Parthé, E.K. Cenzual, R. Gladyshevskiin8tadization of crystal-structure data as an aid to
the classification of crystal-structure typ&sAlloys Compd. 197 (1993) 291.

[41] R. Wawryk, Z. Henkie, Low-temperature resigtivand thermoelectric power controlled by
defects in the USb anitferromagnet, Phil. Mag. B&101) 223.

[42] E. Teatum, K. Gschneidner, J. Waber, Compgitatof Calculated Data Useful in Predicting
Metallurgical Behavior of The Elements in BinarylgyM Systems, LA-2345, Los Alamos
Scientific Laboratory, 1960.

[43] H. Noél, A.P. Goncgalves, J.C. Waerenborgh, r@ti@rization of the ternary uranium-iron
aluminide UFgAl 15, Intermetallics 12 (2004) 189.

[44] H. Tanida, D. Tanaka, M. Sera, Ch. Moriyoshi,Kuroiwa, T. Takesaka, T. Nishioka, H. Kato,
M. Matsumura, Anisotropic transport properties &RDAl,, J. Phys. Soc. Jpn. 79 (2010)
063709.

[45] K. Koepernik H. Eschrig, Full-potential nonlbogonal local-orbital minimum-basis band-
structure scheme, Phys. Rev. B 59 (1999) 1743 (FRA@34), www.FPLO.de;

H. Eschrig, M. Richter, I. Opahle, Relativistic igio$tate calculations, in: P. Schwerdtfeger (Ed.),
Relativistic Electronic Structure Theory, Part Zpphcations (Theoretical and Computational
Chemistry), vol. 14, Elsevier, Amsterdam, 2004 28.7

[46] J.P. Perdew, Y. Wang, Accurate and simpleditalepresentation of the electron-gas correlation
energy, Phys. Rev. 85 (1992) 13244.

[47] T.D. Matsuda, Y. Haga, E. Yamamoto, S. IkedaShishido, R. Settai, H. Harima, ¥nuki,
Single crystal growth and Fermi surface propertyTiRhiIn, J. Phys. Soc. Jpn. 76 (2007)
064712.

[48] H. Tanida, M. Nakamura, M. Sera, A. Kondo, Kindo, T. Nishioka, H. Kato, M. Matsumura,
Collapse of anisotropic hybridization gap below R(n Kondo semiconductor CefAd 1, by
pressure and magnetic field, J. Phys. Soc. Jp(2@31) 084708.

[49] H. Tanida, D. Tanaka, M. Sera, Ch. Moriyoshi,Kuroiwa, T. Takesaka, T. Nishioka, H. Kato,
M. Matsumura, Existence of fine structure insidenggap in CeRAly,, J. Phys. Soc. Jpn. 79
(2010) 083701.

[50] N. Magnani, P. Santini, G. Amoretti, R. CadiyfPerturbative approach fomixing inf-electron
systems: Application to actinide dioxides, Physv.H271 (2005) 054405.

23



[51] Z. Gajek, J.C. Krupa, E. Antic-Fidancev, Optiabsorption spectra of the uranium (4+) ion in
thorium germanate matrix, J. Phys.: Condens. Mat(@©97) 557.

[52] Z. Gajek, First-principles estimation of elextic structure of uranium oxychalcogenides UOY, Y
=S, Se, Te. Application to the INS spectra of UDRhys.: Condens. Matter 12 (2000) 415.
[53] M. Gerloch, J.H. Harding, G. Wooley, The cotitand application of ligand field theory, Struct.

Bonding46 (1981) 1.

[54] J. Mulak, Z. Gajek, The Effective Crystal FldPotential, Elsevier, Amsterdam, 2000.

[55] J. Otsuki, H. Kusunose, Y. Kuramoto, Theorycofstalline electric field and Kondo effect in Pr
skutterudites, J. Phys. Soc. Jpn(Z2@05) 200.

[56] The program CONDON is free software, covergdtiite GNU General Public License, and is
available from http://www.condon.fh-aachen.de.

[57] H. Schilder, H. Lueken, Computerized magnstiedies on d, f, d—d, f—f, and d-S; f—S systems
under varying ligand and magnetic fields, J. Mdgagn. Mater. 281 (2004) 17.

[58] H. Schilder (Aachen University of Applied Soes, Aachen, Germany), private communication.

[59] Z. Gajek, On standardization of low symmetrystal fields, J. Phys. Chem. Solig2 (2015) 21.

[60] G. Williams, L.L. Hirst, Crystal-field effect;n solid solutions of rare earths in noble metals,
Phys. Rev185 (1969) 407.

[61] F. Christodoulos, J.M. Dixon, A reassesmenthef role played by a 5d virtual bound state in the
determination of crystal fields for heavy rare bddns in gold and silver, Phys. Letters A 124
(1987) 437.

[62] Z. Gajek, M.P. Lahalle. J.C. Krupa, J. Mul&kystal-field effect in U@ J. Less-Comm. Met.
139 (1988) 351.

[63] A.P. Pikul, D. Kaczorowski, Z. Gajek, J.¢Bien-Damm, A.Slebarski, M. Werwiski, A. Szajek,
Giant crystal-electric-field effect and complex magc behavior in single-crystalline CefSiy,
Phys. RevB 81 (2010) 174408.

[64] R. Trat, Z. Gajek, A. Pikul, Dualism of thef ®lectrons of the ferromagnetic superconductor
UGe, as seen in magnetic, transport, and specificdegat Phys. ReB 86 (2012) 224403.

[65] R. Traé, Z. Gajek, A. Pikul, H. Misiorek, E. Colineau, Wastin, Phenomenological crystal-field
model of the magnetic and thermal properties okbedo-like system UGS$i,, Phys. RevB 88
(2013) 024416.

[66] J.A. Blanco, M. Reiffers, D. Gignoux, D. SchmiA.G.M. Jansen, Evidence of quadrupolar
scattering in the anisotropic electrical magnetstisdty of PrNis, Phys. Rev. B 44 (1991) 9325.

[67] K. Kadowaki, S.B. Woods, Universal relationshaf the resistivity and specific heat in heavy-
fermion compounds, Solid State Commun. 58 (1988) 50

[68] Z. Kletowski, P.J. Markowski, Crystal fieldfetts in the resistivity of the singlet ground stat
Prin; compound, Solid State Commun. 62 (1987) 299.

[69] S. Takayanagi, Crystalline electric field eff® on the resistivity of PrGuand PrCg, J. Phys.
Soc. Jpn. 53 (1984) 676.

[70] T.A. Sayles, R.E. Baumbach, W.M. Yuhasz, MM&aple, . Bochenek, R. Wawryk, T. Cichorek,
A. Pietraszko, Z. Henkie, P.-C. Ho, Supercondustiand crystalline electric field effects in the
filled skutterudite PrRiAs,, Phys. Rev. B 82 (2010) 104513.

[71] A.l. Abou Aly, S. Bakanowski, N.F. Berk, J.Erow, T. Mihalisin, Resistive behavior in the
singlet-ground-state LaPr,Srs, Phys. Rev. Lett. 35 (1975) 1387.

[72] Y. Kuramoto, S. Hoshino, J. Otsuki, Electromi@ers induced by Kondo effect in non-Kramers
f-electron systems, J. Phys. Soc. Jpn. 80 (201118A0

[73] K.A. McEwen, M.J. Bull, A.M. Martin-Martin, Fom localised moments to non-Fermi liquids in
U intermetallics, J. Phys. Soc. Jpn. 70 (2001) SA18

[74] H.C. Walker, K.A. McEven, M.D. Le, I. PaolaginD. Fort, X-ray resonant scattering
determination of the antiferroquadrupolar ordering UPd; at low temperatures, J. Phys.:
Condens. Matter 20 (2008) 395221.

[75] E. Gratz, A.S. Markosyan, Physical propertéfRCaq, Laves phases, J. Phys.: Condens. Matter
13 (2001) R385.

[76] P. Fulde, I. Peschel, Some crystalline fidfées in metals, Adv. Phys. 21 (1972) 1.

[77] R.D. Bernard, Thermoelectricity in Metals afltbys, Taylor and Frabcis LTD, London, 1972.

24



* Electronic, magnetic, thermal and transport studies for single-crystalline URu,Al 4.
* Rattling - low-frequency Einstein vibrations of the U atom detected in URU,AI .

* Crystal field effects analyzed in the magnetic susceptibility and specific heat.

* Dual character of the 5f electrons revealed in URuU,A .



