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Abstract

We have grown single crystals of ThBA&, and used them for the refinement of its crystalcstire. From the
specific heat data, we determined the phonon coamisnthat isthe Debye and Einstein modes, for Th- and U-
based isostructural aluminides. To approximateSbmmerfeld coefficients, we had to include T term
characteristic of spin-fluctuations originating fmothe Fe-sublattice. The roughly estimated spintélation
temperature is about 11 K. ThiAd;, is a weakly temperature-dependent Pauli-paramagfimaetever, at lower
temperatures the ferromagnetic correlations areerobd, which signals that the system drives to tyran
criticality. The distinct minimum in electrical ligsivity observed at about 20 K suggests a reatinadf a
nonmagnetic two-channel Kondo-effect in Th#dgo, as discussed for ThAsSe [Phys. Rev. L8, 236603
(2005)], for example. Thep(T) — pmin] VersusT curves of ThFI o, determined along tha- and c-axes, were
used to subtract the phonon contributions fromabeesponding(T), . of UFeAl . The resulting magnetic
part of the average.(T)., curve was then analysed in terms of the influenfcthe crystal field effect on the
transport properties. However, to obtain agreemsétit the experiment, we had to take into accourttlaer
effect, namely the Kondo-like one. This kind of lpeohas been applied for the first time in the adsgranium
compounds. Based on the magnetoresistivity, we hewealed the anisotropic low-frequency vibratiofishe
Th atom (located in its [AlFe] cage) interacting with the conduction band, tHeemqpmenon revealed
previously in the metallic UB [Phil. Mag. B95, 2343 (2015)]. Furthermore, fully relativistic lwhstructure
calculations performed for ThiA 1, revealed its metallic-like character with a simiijjdarge contribution of
the Fe 8 electrons at the Fermi level as predicted prevwyoies its 5-electron analogue UKl 4, In addition,
there are substantial differences between theinFsurfaces.
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1. Introduction
The U-Fe-Al system exhibits several ternary phdégsAmong the most intensively investigated
phases are those with the generalized formula &Al.,, which possess a wide Fe-content range
for 3.8 <x < 5.8. In this composition range, fonagnetic phases have been identified mainly due to
the canted antiferromagnetic order of the Fe-stubdgt while the U-sublattice becomes
ferromagnetically ordered in all four regions [&]l these phases crystallize in the tetragonal ThMn
type structure. Interestingly, the stoichiometiiape considered here with x =AhFeAl 1o (WhereAn
= Th and U), adopts a different structure of thtnathombic YbFeAl,r-type [3]. Zenouet al. [4],
based on the total energy calculations using thepbitential band structure method with linearized
augmented plane waves (FP-LAPW) with the spin-qi®®) coupling correction, explained why the
UFeAl;, compound has a different crystal structure from ThMntype one. Of course, their
arguments also concerned the Th-based aluminidds this composition. Generally, tHdT,Al o
ternaries (wher® is a guest atom anfis a transition metal) belong to a cage familycompounds
like those with the compositioMdT X, (X= P, As and Sb) — the so-called skutteruditesMBZy, (Z
= Al, Ga, or In). The characteristic feature ofstfamily of ternaries is that they form a rigid
covalently bonded cage, which is also due to a tilmmaf electrons from a given accommodakéd
atom. All members of this cage-like family of terieg have recently attracted much attention because
they exhibit a large diversity of physical propestidue to a variety of guest atoms and inter-
framework interactions.
The previously investigated polycrystalline WRk, despite showing modified Curie-

Weiss behaviour, appeared to be a non-magneticedigred compound down to the lowest
temperatures, as evidenced by magnetization, magrseisceptibility, and neutron-diffraction
measurements [5-7]. Among the family of isostruaturare-earth ternariesRFeAl o similar
magnetic properties were found for the light repngatives, that is, wheR= Ce and Pr. Interestingly,
such a compound based on Ce was classified as admatence type and also as a Kondo
semiconductor [8,9]. It should be noted here thatG@e-based compounds containing Ru or Os instead
of Fe have recently attracted great interest duthéd antiferromagnetic ordering with unexpected
very high Néel temperatures of about 30 K [Ref.adl references therein]. Indeed, taking into
account the substantial distancg.g.of 5.2 A in these ternaries, one could only exgeetlue ofTy
one order of magnitude lower, such as that for M8ke (3.9 K) [11], for example. This large
difference in values oy was interpreted by the authors of Ref. [10] aginating from a two-
dimensional strong—f hybridization between conduction andefectrons in thea)-plane, which, in
consequence, causes a charge-density wave (CDWAbility in CeRuyAl;, and CeOglq,.
Therefore, this instability is, according to theaethors, responsible for inducing an untypical
antiferromagnetic state in these two ternaries,revleeCDW energy gap is opened along lirexis,
that is, where thec{ hybridization is the weakest one. All the remajniRe-based heavier
representatives witR = Sm and Gd—Tm have also been reported to be meagihebtrdered, with the
highest transition temperature of 20 K for GgHe, [8]. On the other hand, the iron-containing
compounds wittR=Y and La were found to be Pauli-like paramagf@fsLater works by Strydom
et al. [12, 13] pointed out a tendency of Yfde, toward a low-temperature ferromagnetic instability
driving this compound into ferromagnetic quanturnticality of Fe moments leading to T 0 phase
transition. The latter properties yield argumehtst the iron atoms in these two intermetallicsndo
carry a magnetic moment. To verify this claim, stpaper we present magnetic and both electrical
and thermal transport property studies of TWFg. Knowledge of these properties allows a
comparison to be drawn with those of the U-contajnisomorphic compound, UfAd 1, whose
physical properties have recently been investigetelétail using single-crystalline materials [15],1

In our previous work [15], we used the measureeciic heat data only to extract the
Schottky effect in UR&l 4, following the inferred scheme of crystal field (CEevels determined
there. Their splitting could satisfactorily explaime large magnetic anisotropy acting in this Gurie
Weiss paramagnet even down to 0.3 K. Thus, inwlugk we compare the results of this U-based
aluminide with those obtained for a ThRb, single crystal and carry out a full analysis d&f thata of
the specific heat. Moreover, we present the resdiltend structurealculations for ThE&I o, which
can be regarded as a reference compound forAUfzebecause of the lack off-Blectrons in its
[Rn]6d°7s* atomic configuration. For example, the topologyttef Fermi surface (FS) of this thorium
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compound is compared to that in the correspondiagium compound as well as those in IRy,
and CeRpAl o, which were reported earlier [16].

2. Experimental and calculation details
2.1. Bulk measurements

ThFeAl;o and UFeAl, single crystals were prepared by the molten alwminflux technique, as
described in Ref. [15]. Their chemical compositanmd crystallographic quality and orientation were
verified by both scanning electron microscopy cedpb energy dispersive spectroscopy (SEM-EDS)
and x-ray diffraction (XRD) techniques. No impuriphase inclusion was observed by either
technique. Moreover, the XRD examination of powdemengle crystals shows up very sharp
reflections and the lack of any foreign phaseshttuld be also noted that in general it is verfialift

to obtain high quality crystals of thorium compoand

The diffraction intensities were collected at ro@mperature (RT) on a Nonius Kappa CCD
four-circle diffractometer equipped with a bidimamsal CCD detector and using monochromatized
Mo K, radiation {=0.71073 A). The integration and reduction ofurdhant reflections of the
different data sets as well as the cell refinemevese performed using SADABS software [17].
Structural models were determined by direct methusitsg SIR-97 [18]. All the structural refinements
and Fourier syntheses were carried out with thp bESHELXL-97 [19]. The atomic positions were
standardized using STRUCTURE TIDY [20]. The lattip@rameters of Thk&l,, were collected in
Table 1. Most of the crystals presentedataxis perpendicular to the plate base.

The magnetic susceptibility between 2 and 300 &Kraagnetization at low temperatures of up
to 5 T were measured using a Quantum Design MPM&gnetometer. The specific heat of the
single-crystalline sample of ThiAd ;o with a mass of 29.2 mg was measured by the theetadation
method in the temperature range of 2—300 K usiegramercial Quantum Design PPMS platform.
The samples were glued to the holder using Apiddarmcuum grease addenda, whose specific heat
was measured earlier.

Similarly to the electrical resistivity measurertefor the UFgAl o single crystals [15], the
ThFeAl  electrical resistivity measurements were perforrmedsamples in the form of bar-shaped
specimens, which we cut from the irregular plake-isingle crystals, with dimensions of about 1.5 x
0.5 x 0.4 mm along thea direction and 1.0 x 0.5 x 0.4 mralong thec direction. The electrical
contacts (four points) were made by the electroétedeposition of Cu, and finally silver thin wire
were glued by using a silver paste. The measurameate carried out in 2He cryostat in the
temperature range of 0.3-300 K using an AC methbe. magnetoresistivity was measured on the
same samples in an applied field of 9 T. After raeaments in the magnetic field we repeated the
measurements without applying the field in orderb® sure of good electric contacts. In turn, a
homemade set-up [21] was used for measurementieothiermoelectric power of ThiAd,, at
temperatures from 0.4 to 300 K, in the same wayoaghe U-based aluminide [15]. The frontal
surfaces of the same samples alongatandc directions were wetted with a liquid In-Ga allay i
order to improve the thermal and electrical costagth chamber plates.

2.2. Band structure calculations

The band structure of Thid ohas been calculated, like that for Ukl [15], employing the fully
relativistic version of the full-potential localtaital (FPLO) method [22]. In this method, all elects

are treated by the four-component Kohn-Sham-Dirgeation, implicitly taking into account all
relativistic effects including SO coupling, whichk solved in the self-consistent way. The Perdew-
Wang form [23] of the local density approximatidib@) of the exchange-correlation functional was
assumed. Two sets of experimental (XRD) latticepeters and atomic positions in the orthorhombic
unit cell (u.c.) of the YbRAIo-type Cmcm space group no. 63) were considered. The fits{see.

1) consisted of the crystallographic data deterchifoe our sample, which are presented in Table 1,
and the other set (set. 2) was taken from Ref.. [Rdfjaddition, for set 1 the self-consistent spin-
polarised total energy calculations were performieg employing both local spin density
approximation (LSDA) and generalized gradient agpnation (GGA) [25], assuming a
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ferromagnetic state, but the non-magnetically-ardestate was obtained again. In the version of the
FPLO code used here, the valence-basis sets haamre dgtomatically selected by the internal
procedure. The atomic-orbital-based FPLO code giklthe Mulliken decomposition of charges,
which is somewhat dependent on the orbital use@. Th x 12 x 12 size of the selectegoint
meshes corresponded to 301 points in the irredeicitddge of the Brillouin zone (BZ). The band
structures, total and partial densities of stai¥3g), and FSs were computed. The partial DOSs were
obtained for different atomic sites or electronitalls and plotted per formula unit (f.u.).

3. Results and discussion
3.1. Crystal and Electronic Structures

3.1.1. Crystal Structure Refinement

The structural characterization of the ternary ahide ThFeAl,, was reported by Meskdt al in
2005 from Rietveld refinement of the powder XRDteat [24]. They revealed that this phase
crystallizes like UFgAl o into the orthorhombic (space-gro@oncn) structure of YbF&Al ¢-type with
unit cell parameters = 8.9806,b = 10.2520, anct = 9.0882 A. This crystal structure type was
detailed by Niemann and Jeitschko [26] about twoades ago. In this structure, the Yb atoms are
located at theelposition, Fe atoms atd8and Al atoms at the 28g, 2 x 8f, and 1x 8e positions. The
uranium atom has a coordination number (CN) of 264 + 16 Al), while the iron atom forms in its
coordination a distorted icosahedron made of 2 & Hn Al atoms, as shown in Figs. 1(a) and (b),
respectively. It should be noted that an asymmeé&wid\l cage is responsible for strong anisotropy of
the physical properties inTJAl;, aluminides T = Fe, Ru, and Os) [14, 15]. Moreover, this cage al
gives rise to anisotropic-f hybridization in these types of Ce-ternaries (@ege Refs. 9, 10). In turn,
the five different Al atoms coordinate in irregufaslyhedra consisting of U, Fe, or Al atoms with CN
ranging from 12 to 14. It is interesting to notatth similar coordination around thexttom I =Ti, V,
and Cr) is formed in the case of TAI 5, series, crystallizing in the cubic CeBl,, type of structure
[27]. In contrast to ThRAI 1, the coordination sphere there is a regular icasadnT-Al ;,, which is,
however, unstable whéh= Fe.

Fig. 1. (&) Two jointed Th-(16Al + 4Fe) caged polyhedra.td&lthat Th atoms form a zigzag chain prolonged
along thec axis. (b). The fundamental polyhedron [Fe — (10ARTh)] in the YbFgAl o type structure. The
latter polyhedra are connected in #teplane and in such a two-dimensional system fornaices, in which the
Th atoms are located. They possibly give rise tearopic rattling vibrations inside these crevices

The corresponding refined atomic positions anttogic thermal displacement factors of the
Th-bearing phase are given in [24], but in orderg&in higher precision for electronic structure
calculations, we performed single-crystal XRD expents. Details on the data collection and
structure refinements can be found in Table 1, evhilomic positions and the equivalent isotropic
displacement parameters are given in Table 2. Bversatomic positions of the YbiPd,type
structure are confirmed and all of them are fulgcupied by a single kind of atom. The relevant
interatomic distances are listed in Table 3.

Despite the cage-like type of structure of WHe, and the U-ligand distances exceeding the
sum of the metallic radii of the elements [6], anrease of the u.c. volume of approximately 3.3% is
observed when U is substituted by Th.



Table 1 Crystallographic data and structure refinemenfioFeAl 1.

Empirical formula ThF&Al 14
Formula weight (g mal) 613.54
Structure-type CeRAl g
Space group Cmcm(n°63)
a=9.017(1)
Unit cell parameters (A) b =10.293(1)
c=9.116(1)
Unit cell volume (&) 846.1(2)
Z / calculated density (g ¢fh | 4 /4.817
Absorption coefficient (mf) | 21.875

Crystal colour and habit
Theta range

metallic lustre
3.74° to 41.99°

-13<h<16
Limiting indices -17<k<19

-17 <117
Collected/unique reflections 11069 / 1608
R(int) 0.074
Data / restraints / parameterg 1608/0/41
Goodness of fit on F2 0.999

- R1 =0.0298

R indices [I>2(1)] WR2 = 00513
Extinction coefficient 0.0085(3)
Largest difference peak and 6.375 / - 3.350

hole (e A%

This increase can be understood by consideringrisallic radius of these actinidesy(®
1.798 A versus y= 1.56 A [28]) and the thorium-to-aluminium distasc(s = 1.432 A): in
ThFeAl 1, the shortest Th—Al distances are slightly smahan the sum of the metallic radii of the
elements and correspond well to those encounteredoi example, most of the Th-Al binaries
(around 3.2 A [29]). The cage-like character ofstfih-based aluminide is thus expected to be
considerably weakened compared to the U-based Korethe latter, we have to do rather with a
uranium ion U*, and hence its chemical bonding with the cagetismstronger than that of Th atoms,
which have a more metallic character.

Table 2 Atomic parameters and equivalent displacementpeiters for ThFgI ;0.

Wyckoff

Atoms position X y z Ueq (A2)
ThT  4c 0 03732(1) Y 0.008(1)
Fel  s8d Ya Ya 0 0.007(1)
All 8g 0.2280(1) 0.1360(1) ¥ 0.008(1)
A2 8g 0.3519(1) 0.3707(1) ¥ 0.008(1)
Al3 8f 0 0.1228(1)  0.0488(1)  0.009(1)
Al4 8f 0 0.6600(1)  0.0997(1)  0.008(1)
Al5 8e 0.2722(1) 0 0 0.006(1)

Table 3 Selected interatomic distances (A) for ThNeg;.

Th-2AI3  3.164(2) Fe-2AIl  2.5710(6)
-2A12  3.173(2) -2 A5 2.5810(3)
S2AI1 3.192(2) -2 Al4  2.6010(6)
-2A14  3.206(2) -2AI3  2.6446(7)
-2Al4  3.254(2) “2A2  2.7533(7)
-4AI5  3.3343(8)

-4Fel  3.4474(2)
-2Al1  3.6212(3)




3.1.2. Electronic structure

For ThFeAly, our fully relativistic band structure calculat®orfor the considered two sets of
somewhat different lattice parameters (by about®A) and very similar (after transformation to the
same coordinate system) atomic positions (withB0®) yielded a substantially lower (by 50 mHa
~1.36 eV /f.u.) total energy for set 1, correspagdio our refinement, than for set 2. This indisate
that our estimation is better than the one reparedef. [24]. For both sets of data, the calcuate
bandplots and DOS, presented in Figs. 2 (a) anddbpectively, and the related FSs (not shown) are
also very different. Therefore, we limit furthesdussion to the data of set 1.

set 2

@)\

set 1

TllFCzAlln
02— e
A Vi

EyK) (eV)
S

set 1 " e set 2 I(b) 3

DOS (states eV "' fu.™)

-0.4 -0.2 0.0 0.2 0.4
Energy E - E_(eV)

Fig. 2. (a) Fully relativistic (LDA) bandplots of Thi&l o, calculated for two different sets of crystallogini
data (sets 1 and 2). (b) The corresponding totab rCthe vicinity ofEr.

The fully relativistic total and partial DOS of T&AI o (within LDA) are displayed in Fig. 3
and the related FS is visualized in Fig. 4. As seehig. 3, all the constituent atoms of ThiR,,
forming a cage-type crystal structure, contribatehe DOS at the Fermi levekd) as in the case of
isostructural counterparts UfAd o [15] and (U;Ce)RpAl 1o [16]. However, the valley of DOS CuEs,
yielding a not too large value of the Sommerfeldftioient j; = 7.8 mJ mot K, which is typical of
normal metallic systems, while our experimentalffiraated values are rather high, indicating the
presence of electron—electron and electron—phoonaorlations enhanced by at least a factor of two;
for details see subsection 3.2.1 below. The DO8rat&¢ is dominated by almost equal contributions
from the Fe @ and Al 3pdelectrons, with the latter coming from all fivevatic sites in the u.c. Also
in UFeAl o [15], the corresponding Fe and Al contributionsr@vequal at the Fermi level and had
comparable values to those in the Th-based sydtemvever, in the U-bearing compound the U 5f
contributions were three times higher than therkeeAl ones.

In turn, the thorium contribution from the hybriddk Th & and 5 states yields a long tail
originating mainly from the Thdelectrons far belovier (see the hatched area in Fig. 3), whereas
aboveEg, unoccupied belectrons start to predominate within the Th dbation. The Al 3pdstates
coming from five non-equivalent sites of Al atonmgrh a wide structure in the whole region of the
valence and conduction bands. Meantime, thedrsieé8es create a prominent multipeak structure with
a maximum at around —1.5 eV. It is interesting aterthat the DOS coming from Fe and all the Al
atomic positions in ThRAIl, resemble those of Uk 1, [15] in the whole energy range of the
figures, which means that the band structure aigig from the assembly [ o] is almost the
same in both these aluminides.

Very recently, Uziekt al. [27] performed total energy calculations usingcalar relativistic
FP-LAPW method within GGA as implemented in the W8k code for the cubic and orthorhombic
phases of TR,AIl, (x = 20 and 10, respectivelgdnsidering different atoms of transition mefals
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Fig. 3. Calculated fully relativistic (LDA) total and p&t DOS of ThFgAl,,. The cyan (hatched) area denotes
primarily occupied Th 6 states.

Fermi surface of ThFe,Aljq
(b) band

(a) %5

(© 5% @ 5

electrons electrons

Fig. 4. Calculated fully relativistic (LDA) FS sheets ohHeAl, originating from four Kramers double-
degenerate bands (nos. 325, 327, 329, 331), draparately within the orthorhombic BZ boundariesrkDa
(green) and light (yellow) colors reflects the desielectrons) and outside (holes) of FS, respalgtiv

However, they did not show any electronic struetuesults. Based on the total energy
difference, they proved only that the orthorhomBimcmcrystal structure is stable for ThiAg, as
for ThFeAl,,. These findings agree well with the experimentaltad Furthermore, for the
orthorhombic ThFgl,, phase, the authors also predicted a zero totahet@gmnoment on Fe atoms,
while for the unstable cubic phase they found allskReemoment, which, according to the authors,
provides another proof of instability of the lattphase. Also, our fully relativistic results, as
mentioned in subsection 2.2, based on somewharelift from those given in [27] crystallographic
data (set 1), have confirmed that the Fe atomsatdrectome magnetically ordered evermat O K.

As shown below, the latter result may contradietékperimental data.
Finally, as can be seen in Fig. 4, the computedXLES of ThFeAl, consists of as many as
four sheets originating from Kramers double-degatgebands: the 325th, 327th, 329th, and 331th
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bands. The sheets coming from two lower bands oontaee-dimensional hole-like small closed
pockets. They are located in the corners of thevidxereas the other two sheets possess electron-like
character with large anisotropiice( thec direction versus thab plane — hybridization anisotropy) and
flattened open structure (from the 329th band) smdll closed pockets (from the 331th band). Such
an FS suggests a more distinct metallic behaviblihebased aluminide compared to Yk, [15],
which exists in only two bands and yields only eldspockets. Interestingly, the FS sheets of
ThFeAl o are very similar to those of isostructural andeisotronic CeRsAl o [16] except for the
lack of the fourth small sheet in the latter systaithough their DOS arourig: are quite different.
Such a relation of FSs is analogous to that exjshatween, for example, ThRiland CeColg
systems [30].

3.2. Bulk properties

3.2.1. Thermal properties

The specific heat dat&,(T), of both UFeAl,, and the reference compound ThHKe, have been re-
measured and the results were only negligibly dbfie from the previous ones [15]. As demonstrated
before, one observes the lack of any type of anprasdociated with a magnetic ordering in the whole
temperature range measured. In Fig. 5, we haveegdlainly the data o€,(T) for the Th-bearing
compound, and these data are shown here as an lexarhpy have been deconvoluted into three
constituentsCp, Cg, andC,, that is, into the Debye, Einstein, and electrquacts, respectively. The
same procedure has been applied tax}(€) data of the U-bearing compound (not shown here).

300 ! ! ! T T 5
ThFe Al
250 27710
© 200} ]
=
E: = e Cpi @ =450 K .
— —=-- C¢ (48 modes)
OQ 100 F 0 P neeseees ?_»Ce; H0)=225 mdK2 m0|,1_
— Cu=C.+ G+ C
il 2:C,
0 g e - :

0 50 100 150 200 250 300
T (K)

Fig. 5. The temperature variation of the specific h&af of ThFeAl,q deconvoluted into three different
contributions: Deby€p, EinsteinCg and electroni€, constituents.

The electronic specific heat constan{®) and the Debye temperaturés were also re-
calculated, this time paying greater attentionh® slight curvature and upward deviation from the
approximately linear behaviour of tiag/T versusT? function observed at low temperatures for both
compounds, as displayed in Fig. 6. In the previoaser [15], we omitted a detailed analysis of this
issue and now it has been possible to treat it nmachfully owing to the repeated low-temperature
measurements. Note that this upturn deviationas seore distinctly for the Th- compound. We think
that this feature might be evidence of the presafdbe spin fluctuation behaviour at the Fe atom
sites. Taking into account this feature, we havteedithe specific heat results for both studied
compounds by applying Eq. (1) according to the risgcal prediction [31]:

C/T=A+BT*+DTAnT, (1)
where the last term describes only the presenspioffluctuation effects. AT = 0 K, Eq. (1) yields
the fitting valuesA = y(0); =~ 28.5(5) and 22.5(5) mJkmol™ for the U- and Th-based aluminides,
respectively. It should be realized that in theecat the latter aluminide, the proper value of this
coefficient can be obtained by extrapolation of @& experimental data td = 0 and then(0)ex =
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25.0(1) mJ R mol™. However, there is practically no difference besmg0); andy(0)ex in the case
of U-based aluminide. The values of the above @oeffts obtained in a different manner as well as
the constant parameteBs= 8~ andD = ¢ are gathered in Table 4.

Table 4 The thermal properties of ThiAd,ocompared to those of isostructural Uilg,,

Compound KOs [ o Tst ¥% B T &b
(MIK*  (mIk*  (mIK* (K (MIK?2  (mIK* (K) (K)
mol?) mol™) mol™) mol™) mol™)

UFeAl 28.5 -0.3767 0.2747 11.4 22.5 0.2915 45-7.1 440(10)
ThFeAl g 225 -0.5171 0.3344 12.7 16.5 0.2755 4.9 -6.9 450(10)

Note that the fitting factgs” has a negative value because it contains a spitufition contribution in
addition to the lattice contribution and can be cdiésd asﬁ* = f — 0 In Tg (wWhere Ty is the
characteristic spin-fluctuation temperature). Heraree can obtai for known ®. We could only
roughly estimate this characteristic Debye tempeeator U- and Th-based aluminides, for which it
amounted to 440(10) and 450(10) K, respectivelyamapproximation of th€,/T versusT? data into
linear behaviour in the temperature regions alsergin Table 4 and demonstrated in Fig. 6 by the
dashed straight lines. Above about 5 K,ﬂgél’versust curves of both compounds behave similarly,
as indicated by the differential curve afC/T versusT? which maintains an almost constant
difference with increasing temperature, as is apgan Fig. 6. This leads to an assumption that the
lattice contributions for these two ternaries maychose to each other, as expected. In fact, thieda
contributions for these two ternaries are almoststéime, since these two phases have the samd crysta
structure type and negligibly different lattice gaeters, as they also have the same tetravaledce an
mass difference of only 0.94 %. The above diffaa¢rdurve also implies an interesting fact: after
subtraction,y(0)ex{UF€Al 10 — 7(0)ex( ThFEAl10) = 3 mJ K? (mol. U)*, one obtains a very small
value for this coefficient, which means that thesaed enhancement of th@). value of the U-
based aluminide is first of all caused by the isutbcell owing to the spin fluctuation mechanism.
From the extrapolation t6 = 0 K of the dashed straight lines of Fig. 6, e estimate the difference
between the values gf andy(0).y: (bOth are also given in Table 4) as an enhancethento both the
electron-phonon couplingle.;n and the spin fluctuation effect;, described by the equatioh =

P(O)it = yo (1 + Ae-pn+ Aso).
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~ 40r CJT=y+ AT+ 5Tn(T)
@] a  ACYT) -
£ 0, =450 K
S 30 1
x
£
~ 20 F
I~
\D.
@]
10 ¢
'}}g— L e SRS = i i &
O 1 1 1
0 20 40 60 80
2 2
™ (K%

Fig. 6. The plotCy/T versusT? for UFeAl ;o and ThFgAl 1. The solid line is a fitting curve to the experinted
data by using Eq. (1). The dashed line presentapgnoximation of pure Debye contribution while tiet-
dashed line is the differen@§Cy(T)y — Co(T)1] T 2

For both these aluminides, the sutnyf 4s9) is equal to about 0.32. Clearly, this value & toupling
was not enough to cause superconductivity to dristhese compounds down to 2 K. Only the
application of a sufficiently strong magnetic fieddn quench spin fluctuations and just redicdt is
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also remarkable that th€0). Values for both aluminides containing Y or Th amhanced by
magnetic fluctuations and have similar values, 120.0 [32] and 25.7 mJ#mol™*, respectively.

As mentioned above, in order to analyse @€r) function of the nonmagnetic reference,
ThFeAl 1, shown in Fig. 5, one should estimate the tempegatariations of three components: the
DebyeCp(T), EinsteinCg(T), and electronicC¢(T) one. For this purpose, we have first analysed the
Cy(ThFeAl 10/ T® versudnT dependence, which was finally deconvoluted anchdatied, as displayed

in Fig. 7(a).

C/T° (10*J K™ mol)

C/T° (10*JK* mol)

InT

Fig. 7. The dependencieS,(T) T 3 versusInT for (a) ThFeAl ,together with deconvoluting this function into
contributions: Cp, Cg (i = 1, 2, 3 i 4) andC, constituents and (b) UR&l 0. In the insets to (a) and (b), we

present the fitting of fou€g; vs.logT extracted curves.

As shown, this function goes through a broad marmatT., indicating that except for the
acoustic modes, we have to do certainly with thitecapones. The fitting has made it possible to
attribute®@p (= 450 K) and four Einstein temperatures, tvég (= 96 K) and®g, (= 162 K)] of larger
intensities and twodg; (= 398 K) and®g, (= 629 K)] of small intensities. The goodness lud t
Einstein model fit can be clearly seen in the sajgacurve presented as the inset to Fig. 7(a)filhke
fitting was that of the lowest temperature taithie experimental data. The assumed va{Qg= 22.5
mJ K2 mol™ results in a track of«(T) slightly higher than the experimental points. ifigkthe
extrapolated value gf(0)ex (25.0 mJ K2 mol™?) into account made the fitting considerably woise.
turn, in Fig. 7(b) we display the aforementionegetelence for URAI o with extracted parameters
similar to those for ThRAIl 1, They ares follows:0p (= 440 K), Og; (= 91 K), O, (= 150 K), Ogs(=
421 K) and@g,4 (= 432 K). Also here the(0)exs = y(O)x value again gave a higher track than the
experimental points. Some differences are seendeetwh- and U-aluminides in both the electronic
heat contribution and the intensities of the mamstin modes. Moreover, below we will also discuss
the possibility that some low-frequency Einsteinde® may also exist which at present remain
practically undetected within the framework of gpled simple analysis of the specific heat dasa, a
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has been done in this paper, and also due to ttle d& information from more advanced
measurements using continuous curves and not sagvgint by point.

3.2.2. Magnetic susceptibility and magnetization

The results of magnetic examination of ThMe, single crystals are shown in Fig. 8. In this figuwe
display the temperature dependencies of the subiigpt y.{T), measured along both
crystallographic directiong, andc. As can be seen, above about 50 K, the correspgmgirves show
only weakly temperature-dependent Pauli-like pagmaetism with small anisotropy. However, at
about 250 K some inflection point is marked forsthdwo curves instead of the expected smooth
weak-temperature dependence.

6 T T
L 0.12
ThFe,Al,,
_— 5
b B=01T
©
e 4
=
s
9
o
~— 2
~—
=
1k
0 | . .
0 100 200 300 400

T (K)
Fig. 8. Temperature dependencies molar magnetic susceptibility of Thi#d,, measured along theeandc
axes, compared to that of ThPs;, taken from Ref. 35In the inset, there is shown the low-temperature
magnetizatiors (in emu ¢ units) versus applied fields measured at sevetettsel temperatures also along the
aandc axes.

On the other hand, below about 50 K, a very sswkteptibility anomaly is also seen along the
measured two directions, which have their local imaxat about 30 K. When the temperature is
decreased further, both maxima are followed bypadrase of the susceptibility. For any Pauli-like
paramagnet such a rapid increase in the suscégtimlues at low temperatures is usually interguet
as being caused by very small contamination in shelied sample by indefinable Curie-Weiss
paramagnet. However, in such a case, the magnetizsttould be linear in magnetic field, which is
not observed, as the inset to Fig. 8 indicatedesus the magnetization of Thif¢,, at 1.7 K is
strongly curvilinear, reaching values of 0.013 @nd12 pg/f.u. for B|ja or B|lc, respectively, in an
applied field of 5 T. This behaviour suggests tifegt Fe atoms exhibit some tendency to magnetic
ordering at very low temperature, but the magneticnent per Fe-atom is quite small, in a similar
way to that of the Co atoms in LaCod83] or LaCaoGe [34]. The low-temperature strong
curvilinear variation of the magnetization of Thik, and a small magnetic moment indicate that the
electron transfer from the Th atom to Fe nearly fip the 8 bands, giving rise, however, to the small
magnitude of the magnetic moment at the Fe sitéstla@ occurrence of a spin-fluctuation effect,
according to the specific heat data described abAtenigher temperatures, the magnetization is
already linear in field. For comparison, in Fig.wg have also plotted the magnetic data of the
skutterudite ThFE&s;, [35], for which the temperature variation of thesseptibility,(T), resembles
that of ThFgAl, although the atomic Fe:Th ratio is twice as lafge the arsenide. In such a
situation, one would expect an insufficient numbieelectrons from the Th shell to fill up the 8hell
of iron completely. Nevertheless, the magnetizatibthat skutterudite at 2 K is almost linear ieldi
(see the inset of Fig. 2 in Ref. [35]), which iraties the lack of magnetic order, and the specédat h
divided by temperature yields a straight line agifi down to 2 K. On the other hand, the low-
temperature magnetization curves presented inrbet iof Fig. 8 in this paper for Thifd,, are
reminiscent of those for YEA&I o (see the inset 1 in Ref. [36]), which was foundbéovery close to a
quantum critical point (QCP). In such a situatithrg critical fluctuations associated with tiis 0 K
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transition should just lead to power-law tempemtlivergences of the susceptibility and specifiathe
divided byT as a function oinT at the lowest temperature, which was really olesbia this Y-based
aluminide [36]. As already pointed out above, @ values of ThF&I,, also start to increase at the
lowest temperatures in theT manner,confirming the closeness of this compound to thePQABs
shown above, the characteristic temperalyris rather low and amounts to roughly 11 K.

3.2.3 Transport properties
Electrical resistivity and transversal magnetdidty (TMR), defined asAp/p(0) = [p(B,T) —

p(0,T)]/p(0,T), were based on AC measurements using bar-shapgues cut from a single crystal of
an irregular form. In Fig. 9 we have first presehntieep(T) functions for the current directed along
thea or ¢ direction. As can be seen from this figure, bdtithese temperature dependencies exhibit a
minimum at about 25 K and form an upturn below tteahperature. The occurrence of the low-
temperature minimum ip(T) may point to the presence of the two-channel Kosffiect derived from
structural two-level energy systems [37], as disedsin detail for ThAsSe [38], for example. The
obtained residual resistivity ratio (RRR) is ratlsenall (about 4. but it is usually difficult for any
thorium compound to obtain a high-quality singlgstal. The above results point to a typical metalli
behaviour of ThF&\ 1, with a positive curvature at high temperatures.N&ee carried out a fitting of
the experimental data to the equation

AT) = oo + pee(T) +KT2 +CInT )
whereKT? is Mott’s s-d scattering term anasg(T) with the coefficienn = 3 is the well-known Bloch-
Grineisen formula:

R n
pro(T) = 4REX(T/ )" " ——EE— 3)

where R is the coefficient of the phonon teandC is aconstant value. As Fig. 9 indicates, we found
a very good fit withgX = 261 and 340 K fod|la andJ|c, respectively, and by adding the logarithmic
term due to a Kondo-like contribution. We treat E). as an analytical one and we will use it in our
further analysis of the magnetoresistivithie constant parameters are given in Table 5.

Table. 5 The Bloch-Griineisen parameters and Mott's and Kaahstants.

ThFeAl O R N K C
(HQ cm) (MQ cm K?) (K) (MQ cm K¥) (MQ cm)
J|la 69.5 0.2474 261 -9.246 x 10 -3.60
Jllc 14.4 0.1129 340 -7.677 x%0 -5.10

160 - ThFe,Al BLJ /
£

0 50 100 150 200 250 300

T (K)
Fig. 9. Temperature dependencies of the resistivity in JTARgmeasured along theeandc axes in zero field
and 9 T. Solid lines denote fitting to Eq. (2).
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As Fig. 9 indicates, the zero-fiel(T) curves found for thel|la and J||c cases and the
corresponding TMR curves taken with an applied reéigrfield of 9 T cover each othet higher
temperatures. However, at low temperatures, TMRahagpparent positive effect, which is especially
well marked in the case df|a. In order to illustrate this effect more distingtip Fig. 10 we have
plotted the low-temperature behaviour of the elegkresistivity (left-hand curves) as well as thé-
magnetoresistivity results in the form &/p(0) (%) (right-hand curves)taken forboth directions of
the currentl andusing an enhanced scale. Considering the low-teatyrer variation of the resistivity
for the J||a case, measured at zero field and 9 T, as wellasdhresponding TMR, one can see the
high accuracy of all these measurements, whersizkeof the experimental points (marked by circles)
determines the maximum magnitude of the experinhentar.
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Fig. 10. The low-temperature resistivity taken in zero fialdd 9 T on an enlarged scale (left-hand panel$) an
reduced transverse magnetoresistivity (at 9 TYarmmperature (right-hand panels) of Th#dg, measured along
thea andc axes. The dashed line presents an exemplary tatoperdependence of TMR calculated using Eq.

(4).

Quite a different situation takes place when thasueements are performed along ¢kexis
in an applied magnetic field. An inspection of thetom of this figure reveals a quite interesting
behaviour of the resistivity measured along thas ak a field of 9 T and hence also the temperature
dependence of the magnetoresistivity. Althoughateuracy of electrical resistivity measurements at
zero-field measurements is the same as that almagdxis, the scattering of the experimental points
becomes far beyond the possible committed erroeswane applies the magnetic field of 9 T. Such an
effect signals that under an applied magnetic ftelel Th atom, imprisoned in the oversized Al-Fe
cage and exhibiting metallic character, experiersogge variation in its crystallographic positiostju
along thec-axis, that is, the direction of the zigzag chdorsned by the Th atoms inside such a highly
anisotropic framework (see e.g. Fig. 3(b) in R&0O]]. In consequence, a large scattering in the
resistivity data is observed at low temperaturdss €ffect, however, decreases when the temperature
is raised above about 30 K and then the 9 T registbecomes smooth like the zero-field data.
Interestingly, such behaviour was not observedhéndase of isostructural UfAd,o, where, however,
the uranium atom has an ionic character and thmiclaé bonding with the cage atoms is considerably
stronger than that in Th-based aluminide [15]. Phenomenon of strong scattering of the resistivity
data at low temperatures under a magnetic field nwperted for the first time for the dodecaboride
UB;, [40], which is also a cage compound, where thealmeuranium central atom is surrounded by
an isotropic framework of 24 boron atoms. This ffivgd sheds more light onto the cubic crystal
structure of the dodecaborides, where the Eingieaillators are sufficiently free around their site
due to a very weak chemical bonding of the uranatam with its surroundings. As a result, atomic
rattling takes place inside the isotropic B-framework, @hii the case of the orthorhombic structure
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of ThFeAl, such rattling is associated, so far, with only arethe crystallographic directions,
namely along thes-axis, although we do not know the electrical esty data along theb-axis,
which remain to be measured. This is because thpesbf our single crystals did not allow us to
perform measurements along this direction.

Previously, the phenomenon of low-temperateattling vibration was also observed in
specific heat measurements, for example in the ofsbe cage compound G&Al,, [41]. This
feature was reported to be associated with a locale approximated by an Einstein low-frequency
mode with the Einstein temperatué& = 20 K. Thus, such a low energy mode is favourable f
coupling strongly with conduction electrons dughteelectron—rattler(e—r) interaction, which creates
anharmonicity as well as a concave low-temperadefgendence of the resistivity, also described by
the authors of Ref. [41] using almost the sameevali®: . Based on this fact, one can conclude that
as a result of the abowe-r interaction the magnetoresistivity is also influedcby therattling
vibration, giving rise to the observed scattering of theeexpental points. Unfortunately, we were not
able todetermine such a low value 6k for ThFeAl,, from our physical measurements because of
other low-temperature components that also exigthis compound, such as spin-fluctuation and
Kondo-like ones. Furthermore, the temperature ddgrece of the relative magnetoresistivity of this
Th-based aluminide, shown in the right-hand pafrfsi@. 10, goes through a maximum at about 20 K
for both crystallographic directiorssandc. Interestingly, the TMR measured along three dioes,a,

b, andc, for theuranium-based aluminide shows such a maximum méwelyj|c (see Fig. 11 in Ref.
[15]). At the same time, on the smoothed 9 T cuneasured along theeaxis, displayed in Fig. 10,
we marked the results of those data that bestl figeg (4) (dashed line) [42]:

Ap B?

= 5 4

p(0) alp(0,T)]+bB
where a and hkare the field- and temperature-independent parametepending exclusively on
conduction electron properties(0,T) is the total resistivity at zero field, which gsven analytically
by Eq. (2). The parameters a and b (for dhaxis) are 0.230 pQ cm)* and —0.135, respectively.
Thus, the dashed line in Fig. 10 is the resuleakt-squares fitting of Eq. (4) to the magnetotiegis
data. The above formula describes the so-caltethal magnetoresistivity, that is, the influence of the
magnetic field on the conduction electron trajaemi(Lorentz effect). This mechanism always gives
rise to positive TMR and increases the magnetdrégyswhile lowering the temperature at a fixed
finite field. This effect is due to the decreaseeiectron-phonon scattering as the temperature is
lowered [42].
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Fig. 11. Temperature dependencies of the resistivity medsaleng thea andc axes for UFgAl o (data taken
from Ref. 15) and ThR&l, (this paper) after subtracting the residual rasiss po andpn,n, respectively. The
curves following the open triangles-éxis) and closed circlesc-@xis) are the temperature variations of
differences in resistivitiesp; (i = a- andc—directions) between the corresponding curves pteden this figure.
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The obtained temperature dependencies( T, for the directionsl|la andJ||c of ThFeAl 1,
were then used to carry out an analysis of suclertigncies op(T)y for UFeAIl o [15] measured
along the same directions &f By subtractingymi» from p(T), andpg from p(T)y and treatingd(T)w—
pminl @S the phonon contribution, we were able to deitez the temperature dependencies of the
differencesAp,(T) and Ap(T), which are the magnetic contributions to the teleal transport of
UFeAl 0. All of these functions are presented in Fig. 11.

In the next step of our analysis, we undertoolsk ta estimate all the possible components in
the extracted magnetic part of the electrical tiedig of UFeAl o by considering various scattering
processes, which are partially competing and mesetbre result in the observed magnetic part of the
temperature dependences of resistivity taken assarage of two crystal directions, as shown in Fig.
12. In the following we ignore the anisotropy amutus instead on the main features of the
experimental curve averaged over theand c directions. For the compound under study whose
magnetic and thermal properties imply the nearbaliaed picture of thefSelectrons[15], the s—f
interaction [43, 44], as appearing in the lowesteorBorn approximation, is the first candidate to
elucidate the increase in resistivity with tempearatup to the broad maximum at 150-200 K. It is
expressed as:

Pst= psiol [(PQ), 5)
where
£ VA<a|d'|p>]? + VA<a|T|B>? + <a|lTB>|% (6)
1 2
Paﬁ = EeEa/T_I_eEB/T' (7)

In the above formulaey andf are the quantum numbers identifying componenthefcrystal field
states;E, are the corresponding energies in K; ahd J°, and J* are the momentum operator
componentspsso is a factor proportional to the square of #id interaction constant and inversely
proportional to the Fermi energy
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Fig. 12. UFeAl,; The experimental curve averaged over two crysiatctions (diamonds) versus the

theoretical temperature dependence of the mago@tizibution to the resistivity (line) and its cooments: (SF)

- the s-f scattering, (Q) - the Coulomb quadrupole scattednd (K) - the correction due to the higher order
scattering processes. The CF levels scheme fromlBé$ shown as well.

Indeed, with the CF states obtained previously,[15 s—f scattering provides a contribution that
increases in the whole temperature range, indidayetthe line SF in Fig. 12. Nevertheless, it cannot
account for either the measured non-zero residsstivity po = p(T — 0) or the mentioned decrease
above the maximum at ~170 K, and therefore otherthar@isms must be taken into account. Apart
from lattice imperfections, the lowest-order medbanthat gives a non-zero residual contribution to
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the po is the scattering of the conduction electrons legtec quadrupoles formed by thé &hell
electrons, which generates the following compoiéht 46]:

paq = polr(PO), 8
where
@] H\[*
Oap = Sq=—2.|(|c$|6)] )@

Céz) is the second rank normalized spherical harmongzaipr, the matri®,; is given by Eq. (7), and

Poo IS a factor proportional to the electron—quadragoteraction constant and is dependent on other
material constants. The corresponding line (Q)ign E2 represents the upper limit for this partcul
contribution, since the whole of the obserygd- 27 uQ cm has been attributed pgo, disregarding
the influence of the lattice imperfections and imifes.

As seen in Fig. 12, both mechanismsfand Q, produce monotonic contribution in the whole
temperature range (and far above it). This is aseguence of the crystal field splitting being much
greater than the thermal energy. There exist levbisse thermal population has the capacity to grow
for any temperature in the range under considerafitiese two contributions togethet,: + pq,
reproduce the experimental points well up to ~90r#y. The singlet ground state separated by 88 K
from the first excited level prevents other scatgermechanisms from being efficient in this range.
Note that the coefficienjsy andpsp are the only free parameters of the contribut®fsind Q since
the shape of the corresponding lines is complatetgrmined by the crystal field levels. In practice
this means that thes.p has to be adjusted to the experimental points babauseq, or rather its
upper limit, as explained above, is determinedieyresidual experimental resistiviy.

Taking into account the whole temperature rangés itlear that the slight decrease of the
resistivity above the maximum at 170 K still regsiran explanation at the moment. The problem is
that many higher-order terms in the scattering m@kexpansion are possible. Their identification
such a complex system and estimation would be &#figult. Therefore, guided by the shape of the
experimental curve above 100 K, we assume that twgrall contribution in the form of the
logarithmic decrease is the weakest one, with thgmtude and slope controlled by the parameters
PKo andD:

pr = pro€" ' IN(T/D). (10)
In addition, the singlet ground state implies isahin of the Boltzmann-like temperature-dependent
weight that switches on the component above ainggmperature, adjusted by the paramEgterhe
parameteD can be understood as a kind of measure of theifigef the degrees of freedom due to a
reconstruction of the many-electron states by tatared conduction electron in the higher-order
processes. Thus, the experimental averaged mageégizironic) resistivity has been reproduced by
simultaneous fitting of the weight, as well as the parameteEsand D of the total theoretical
resistivity:

p= pst¥ po+ px, (11)

with psr and po being determined as explained above. In such muiation, it is clear that the
component K (10) plays a dual role. It not onlytcags possible higher-order scattering processes bu
also compensates tpg: andpq contributions, whicliose their original sense at elevated temperatures
(at which the more involved processes take plada} explains the high value gfko = —675uQ cm.
The remaining parameters are the followikg= 343K, D = 144K, psto= 46 pQ cm, andhqo = 4509
uQ cm. The last parameter may be overestimated becaesttributed the whole residual resistivity
to the quadrupole scattering. Nevertheless, a gtemattering of the conduction electrons by the
guadrupole component of thé &lectronic charge, comparable with thef contribution, has been
observed for compounds such as BR8bs [46], among others. Thus, the interaction constanritided
in pgo Must be large enough to compensate small valuése® matrix elements (9) in comparison
with Q ones (6). We hope that a similar analysis (whscim iprogress) for other members of the series,
URWAI 1 and UOgAI 1o, will shed new light on this problem. It will be reqed soon [47].

3.2.4. Seebeck coefficient
The temperature dependencies of thermoelectric pviEeP orS of ThFeAl o were also found along
thea andc axes. As Fig. 13 illustrates, TEP is anisotropicthese directions and negative within the
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whole temperature range measured. Negative valu€&® indicate that the dominant carriers here
are electrons. Interestingly, an apparent linegiorein temperature behaviour starts above abott 30
and finally reaches the values of —25 and g6 *, respectively, at RT. However, the extrapolations
of the corresponding straight linesTo= 0 K do not yield the zero-value of TEP but istnt the y
axis atS,(0) = —=1.55 uV K™ and S(0) = —2.35uV K™. Therefore, the above straight lines at low
temperatures change into curves and achieve, d@e by theory, their zero value®t 0 K. This
feature is shown in the inset of Fig. 13 on an ankd scale below 8 K. The valuesS¥* (for T —

0) tangents in the and c directions are —0.143 and —0.3RV K™, respectively. In turn, the
corresponding slopes in the high-temperature rammge—0.0783 and —0.0450/ K, respectively.
This type of behaviour is typical of simple metdis,which TEP can be written as a sum:

(T$=S(T) + S(T) (12)
where&; and §; are thermoelectric powers due to electron diffusamd phonon drag, respectively.
The former component is given by the standard @retiMott’s formula [47]:

S(T) = E(ke’n’T)/(3eEx), (13)
wherekg is the Boltzmann constant amdis an electron charge. Theparameter depends on the
mechanism of the electron scattering and its vaduasually taken to be between 2 and 3 [48].
Assuming, however, different values §fin our case, for various directions of measuresjeohe
would be able to obtain a proper isotropic valudefising Eq. (13py probingdifferent slopesof
S(T) and S(T). Furthermore, the observed deviation of the tok&P from linearity at low
temperatures is usually ascribed to the phonon-team S, On the other hand, th§, is also
diminished at low temperatures by strong scattdrigtgveen phonons and impurities. This fact implies
that only examination of very pure crystals alloase to observe a pronounced phonon-drag
maximum.

S (nV K1)

Fig. 13. Temperature variations of thermoelectric power bF&Al;, measured along the and ¢ axes. The
black dashed line denot&(T) estimated from Eq. (14). The inset shows the temperature deviations from
the high-temperature straight lines of &{&) behaviour.

Quite a different situation takes place in the tisagural UFgAl,oq, where this system contains a
localized magnetic moment, but without a sign affimg a magnetic ordering state down to the
lowest temperature [15]. The TEP behaviour of thigary compound is very anisotropic and exhibits
broad corresponding maxima at about 70 K forahb, and c axes. In this case, there are also two
main contributions: one already described abowa, ith a diffusion termS(T), and the other one is
the crystal-field term&:H(T).

To estimate the overall magnitude of the tempeeati@pendence of TEP in ThAk,, we
have used the Mott model for diffusion TER(T), of a two-band conductor [49] as has been done
previously for UCoGg[50] and UCoGe [51], for example, using the foraul

sm=rKT][_1 dN(E)] [ 1 dNw(E) (14)
‘ B 3e N,(E) dE E=E dif(E) dE E=E |
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whereNs and Ny denote our calculated sums of contributions taltBOS (displayed in figure 3),
originating from all the conduction electrons, tigts andp, d, f, respectively. In this manner, we
obtained the lineadependence diffusion TEP with theST™ slope of —0.0197aV K, which is
displayed in figure 13 (black dashed line). Assugrimaté = 3 in Eq. (13), we have obtained= 3.7

eV. As can be seen, the compuf(T) yields a negative linear temperature dependeeeealing a
general trend of the experimental TEP at highemptratures, due to dominating electron carriers.
However, the slope of the estimated isotro®i€l) function is quite different from (smaller than)
those of the experiment&l(T) andS(T) straight lines, which can be explained by strdirgctional
anisotropy of the diffusion TEP, originating frotmet anisotropy of the FS having one of the sheets
[electron-like one, displayed in figure 4(c)], bgiopen in the-axis but closed in the-axis direction.

A similar anisotropic behaviour was reported in .RgR] for orthorhombic compounds such as
ThCoGa, for which positiveS, ((T) functions are almost linear and have nearly #messlopes, while
S(T), which is also positive, is curvilinear and hagcm higher values than those for the other axes.
Moreover, behaviour quite reminiscent of &) behaviour was found for the tetragonal system
ThPS [53]. In the high-temperature range, the astbb this work also observed a nearly linear and
negative slope diT), whose intersection with the y axisTat 0 K yields a negative small value as in
our case. Thus, such a low-temperature deviatimm the straight-line behaviour has been attributed
to the presence of a phonon contributi§yiT) ~T3,

4. Summary

We have studied the structural, thermal, magneicl electronic transport properties of ThNe,
single crystals. We found that the specific heaa @ this aluminide, obtained between 2 and 300 K,
consist of three components: Debye, Einstein, aledtrenic ones. We established the same
contributions for the paramagnetic isostructurdvd$ed aluminide. The specific heat curves for both
ternaries exhibit anomalies at low temperaturedicating the presence of spin fluctuations in the
[FeAl o sublattice due to the closeness of this systerthéoquantum critical state, as observed
previously for YFegAlo. The electronic properties of Thifé;, are typical of metals. Hence, the Th
atoms, located in a very anisotropic cage, are lydaiked with the surrounding and are therefore
able to undergo rattling vibrations at low temperas. As we found from the magnetoresistivity
measurements, such vibrations are distinctly oleseronly along thec axis, where the thermal
displacement factol.q is therefore usually the highest (see DiscussioiRef. [54]). In the latter
paper, the authors considered th& £é;, systems showing the large anisotropy in the suikxity
which comes from the anisotropic exchange intevactThis is the largest along tleeaxis. In our
system, the large crystal field splitting, as isoathe case of the Ce-systems, originates fronmgtro
anisotropicc-f hybridization, being the strongest along theaxis. Hence, any rattling in such
anisotropic systems is possible predominantly altmg c-axis. The first example of behaviour
mentioned above was observed in the magnetoresistdnmetallic UB, [40], which belongs to cage-
type compounds. An unveiling of such a phenomenas possible only in the study of metallic caged
uranium compounds due to an existing interactidméen the rattling vibration of a low frequency
(@ = 20 K) and the conduction band, as described initdeature. Furthermore, assuming that the
transport behaviour of Th-based aluminide is of pf®non type, we used its resistivity data to
separate the thermal behaviour of the resistiviieldFeAl 1, which are mainly connected with the
scattering of electrons on crystal-field levelseT@theme of this level splitting of the ground npuet
was taken from our previous work [15]. We had te akso another contribution — a Kondo-like one —
to achieve a fit to the experimental data.

We also performed fully relativistic band struewalculations for the Thi&l o reference
compound without felectrons. The results reveal its metallic-likeargtter, with contributions
coming from all the constituents’ atoms, as in ¢hse of UFg\l,,, and similarly large contributions
of the Fe 8 and Al 3pdelectrons at the Fermi level. The difference betwthe FSs of ThkA, and
UFeAl o appears because the former contains as many asHeats of both hole-like and electron-
like characters, resembling those in isostruct@@RuyAl 15, whereas URAl o exhibits only two FS
sheets. Such a difference is expected due to \satypes of chemical bonding between the central
atom and its ligand cage.
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*Low-frequency Eingtein vibrations (rattling) of Th atom detected in ThFeAl .
* Spin fluctuations on Fe atoms observed in the above Th-based system.

* Proximity to quantum critical point concluded for ThFeAl .

* For thefirst time crystal field effects analyzed in resistivity of actinides.



