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Abstract

The existence of the binary compoundsPithand WPt has been established in the
course of the reinvestigation of the U-Pt and Thsydtems. Their structural and physical
properties have been studied for the first timethBmmpounds solidify from the melt of the
elemental components with the stoichiometric raReetveld refinements reveal that they
both adopt the trigonal BRd, structure typeR3 space group) with lattice parameters at room
temperature ofa=13.6870(3) A, ¢ = 5.7991(2) A for I, and a = 13.2380(2) A,
c=5.6808(2) A for WPt. Magnetic and specific heat measurements show Thglt,
behaves as a typical metal; it was further usgghason analogue of the U-counterpariPy)
undergoes a ferromagnetic ordering belaw=16.5(5) K. Its low temperature specific heat is
dominated by an enhanced Sommerfeld coefficien6(@4mJ mal™ K?) classifying this

phase into the heavy fermion family.
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I ntroduction

The U-Pt binary system has attracted a consideraitémtion in the last decades,
mainly focused on the remarkable coexistence ofrag ordering and superconductivity in
UPt which is still not clearly understood [1] more thhirty years after its recognition [2]. It
comprises four intermediate phases, namely UPt,, UFRE and UP4 [3]. Their physical
properties were extensively studied.

As stated earlier [4,5] the continuously increadiity spacing with platinum content
in these binaries provides a favourable playgrdaonghderstand the phenomenabélectron
localization/delocalization in uranium based intetatlics at the origin of the complex
physical properties of these compounds. In UPtreviiee U-U distances are close to the Hill
limit, a ferromagnetic ordering below about 29 Kshzeen confirmed by Proket al [6],
while UPt and UP4, where the distances are much larger, remain @ayaetic down to the
lowest measured temperatures [5]. A literature eyrleaves nevertheless some open
guestions. For example ProkesSal [7] attribute a low ordering temperature (~ 19 K) oftUP
to an impurity phase that cannot be neither urannon UP%. Similarly an unexplained
anomaly has been observed around 5 K in the teryperdependence of the specific heat of
UPt [8].

Regarding the Th-Pt system, the phase relationg wearcely studied with a single
experimental investigation performed by Thomsod 964 [9]. The formation of eight Th-Pt
intermediate phases is claimed among which onlgethwere structurally characterized (N.B.
the novel crystal structure type of ThRtas only recently reported by Gumenieikal.[10]).
For the five remaining phases, the author gives #pproximate chemical composition, one
of them being identified as “ERt’ and forming below about 1873 K from the peritecti
ThsPt + liquid — ThgPt, reaction.

Regarding the lack of well established phase waatiand characterization of the
structural and electronic properties of the A-Pdtegns (A = Th, U), we initiated a systematic
reinvestigation of these phase diagrams. The prgssgrer focuses on the crystallographic
description and physical properties of a novel hir@mpound, namely 4Pt;, discovered in
the U-Pt phase diagram, as well as its thoriumaayues.



Experimental M ethods

The samples were prepared by melting weighted atsoaf uranium turnings
(99.5 % purity) and platinum wire (99.95 % puritg)a Buhler MAM1 arc-furnace under a
residual argon atmosphere. The ingots were turned and remelted at least twice to ensure
homogeneity. The observed weight losses are bdiewptecision of the weighing scale after
arc-melting. Heat treatments were performed at various tempestup to 1723 K for
6 hours by placing the ingot in a cold copper dslecifor induction heating (Celes 400 kHz
furnace) or at 1173 K for one month in resistanoedces after enclosing the samples in
evacuated silica tubes.

All the samples were examined by scanning eleatnamoscopy (SEM) using a Jeol
JSM 7100 F apparatus and the elemental composifidhe phases determined by energy
dispersive spectroscopy (EDS) performed with ano@kinstruments SDD X-Max 80mm?
detector. The elemental composition is obtainet wif. at.% error.

Powder X-ray diffraction (XRD) was performed orBeagg-Brentana?28 geometry
Bruker D8 Advance diffractometer working with CwK radiation § = 1.5406 A, curved
Ge(111) monochromator) and equipped with a faskEye detector. Rietveld refinements of
the XRD patterns were undertaken using the Fullpodifivare [11].

Magnetic properties were measured using a Quanesign MPMS SQUID
magnetometer in the temperature range 1.8-350 Kiraa@plied magnetic fields up to 5 T.
Specific heat was measured using a Quantum DesRMSPplatform using a thermal
relaxation method from room temperature down tok2.0

Results and discussion

A/ Phase formation

SEM-EDS analyses of arc-melted samples with in@gtanposition between those of
UPt and UPR4reveal the formation of an additional phase witmposition 43(1) U — 57(1) Pt
in at.%, indicating @Pt, as a possible chemical formula. The correspondiR@ patterns
show the presence of diffraction peaks that cooldoe indexed with the structural models of
UPt and UPRY confirming the existence of a new intermediatagghwithin the U-Pt binary

system.



Supplementary SEM-EDS analyses of a sample prépaith the UPY initial
composition appeared to be single phased readdyn fthe as-cast state, suggesting a
congruent melting. Its XRD pattern was successfutigexed with the trigonal RBRd,
structure-type R3 space group, no. 148 [12]) with a slight tuningtioé lattice parameters.
This structural type is adopted by numerous bisagtrare earths (RE) or actinides (A):
almost 40 compounds are known with the general ditangRE,A}T, with T = Pd [13], Pt
[14], Au [15-18], and RE 4f elements (but Pm and Eu) and A = thorium sfdh [13],
ThgAu, [19]).

Regarding the absence of sound characterization$hePt;, new samples were
prepared for complementary investigations. Both SHMS and XRD analyses of as-cast
ingots with ThPt, initial composition confirm the formation of thetermediate phase within
the Th-Pt binary phase diagram. The elemental caitipo was found in agreement with the
expected 43(1)Th — 57(1)Pt (in at.%) compositiohne Bample contains traces ofs;Pl and
ThO, that were identified by both SEM-EDS and XRD expents. A close inspection of the
SEM pictures of the as-cast ingots do not revegl eutectic morphologies indicating that
ThsPt; more likely solidifies by a peritectic reactionvailving ThsPts as solid phase as
previously suggested [9]. The origin of the oxygmmtamination was suspected to come
from the metallic thorium used for the synthesesbsBquent heat treatments were found
inefficient to remove the secondary phases. Theaas-samples were thus used for

crystallographic and physical characterizations.

B/ Structural characterization

The crystal structure of 4Pt; and ThPt, was refined by the Rietveld method using the
four independent atomic positions of thesPdi—type as starting model. The instrumental
peak anisotropy and width were settled using thempson-Cox-Hastings pseudo-Voigt
profile function parameters obtained on a standawdundum sample. Microabsorption
corrections using a Hermann’s model developed hgcRkeet al (P, = 0, G = 1.5265,

T = 0.1454) [20] and preferred orientation using aréh’s function (G1 = 1.199(4)) [21] were
taken into account. Attempts to refine the occugamates did not result in significant shifts
from full occupancy of the crystallographic sitegldhese parameters were further fixed to 1.
The final least-square fits of the X-ray powdert@ats steadily converged to satisfying
reliability factors and physically consistent pagders. Figure 1 displays the Rietveld refined

plots for XRD patterns of the purest samples. Tabimthers the experimental conditions for
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the data collections and the structural parametettse APt (A = Th, U) phases. Table 2 and
Table 3 give the atomic positions along with therthal displacements parameters and some
selected interatomic distances for both phases.

It should be enlightened that the refined Loremaalargement of the peaks enabled
to deduce an average crystallite size of 190 A2t A for Py and ThPt, respectively.
This explains the impossibility to find suitablengle crystals for XRD data collection. No
improvement of the crystallinity was obtained atianealing (1173 K, 7 days or 1773 K, 6h).
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Figure 1. Rietveld refined X-ray diffraction patterof BPt, (upper panel) and &Rty (lower
panel). The experimental data (red symbols), theuwtated patterns (black line) and the
difference between them (blue line) are presenidé@ vertical ticks represent the refined
positions of the diffraction peaks off&; (A = U, Th; black), TkPts (red) and ThQ@ (blue).
The insets show zoomed areas of the main panel.



The refinement confirms the atomic positions frdme PyPd, model,i.e. a single
position for U-atoms in a generd8f site and 3 independent positions for Pt-atomk8ii3b
and 3a sites (fig. 2a). The A-atom coordination sphereamposed of 9 Pt- and 7 A-atoms
forming a strongly distorted Frank-Kasper like gwgron (fig. 2b) often encountered5f
element based intermetallics. The coordination igghef Pt1 and Pt2 (not shown here) are
described in literature whether (i) as 2-face-cappetahedrons by only considering the 8
closest neighbours [22] or (ii) as 14-vertex polytaeby including the 6 Pt3 at a significantly
larger distance [12] (table 3). Similarly, Pt3 grreunded by 10 [22] or 12 [12] atoms,
depending on the selected connectivity limit. Despicluding long Pt-ligand distances, the
polyhedrons given by Cromer et al. [12] describmae bounded shell around the platinum
atoms. The U-U interatomic distances (table 3)spread in a rather broad range with 1 U-U
distance at 3.398 A, 2 at 3.703 A, 2 at 3.929 Af 3.934 A and 2 longer at 4.417 A, all of
them being larger than twice the metallic radius=<(1..56 A [23]). This is no more the case
for ThsPt, where the shortest Th-Th distance, 3.577 A, fiedl with the sum of its tabulated
metallic radius @ = 1.798 A [23]). In addition, very short Th-Pt @isces well below the
rm+rpe = 3.185 A (with g, = 1.387 A[23]) may illustrate strong covalent ciwer of the
bonds. Examination of the interatomic distancestber A-Pt binarie§24] revealed similar
trends for all A-A, A-Pt and Pt-Pt contacts. Thestal structure of APt can thus be
described as a 3D network resulting from Pt-PtA+Rt bonding.

Figure 2. (a) Perspective view of thgRl, crystal structure in its hexagonal setting witle th
U-atoms drawn in blue and the Pt-atoms in grey. Bypresentation of the [§Ri/]

coordination polyhedron surrounding the U-atoms.



Table 1. Crystallographic data and Rietveld refimginresults for the #t, (A = U, Th)

phases.
Formula UPYy ThsPY
Molecular weight (g mét) 1494.45 1476.474
Crystal system, Space group Trigonal,R3 (n°148)
. a=13.2380(2) a=13.6870(3)
Lattice parameters (A) ¢ = 5.6808(2) ¢ = 5.7991(2)
Volume (&) 862.15(6) 940.83(4)
Z, Density calculated (g.cf) 6/17.271 6/15.636
28range (°) 10 - 130.30
26 Step (°) 0.019707
Counting time per step (s) 1253 537
Number of reflections 364 387
Number of refined parameters 16 29*
Profile function Thompson-Cox-Hastings pseudo-Voigt
R,=18.1 19.6
Rwp = 19.1 21.9
Conventional R-factors X2 =1.67 1.26
Rg =5.10 4.50
Rr =3.29 3.37
* including scale factor, cell and profile paramietand atomic positions for the s/% and
ThO, phases.

Table 2. Refined atomic positions and thermal dispinent parameters og, (A = Th, U).

Atom Wyck. X y z Occupancy Bis«(A?)

Th 18f 0.2093(3) 0.1672(3)  0.2618(7) 1 0.86(6)
Pt3 18f 0.0560(4) 0.2759(3)  0.2160(9) 1 0.67(8)
P2 3b 0 0 Y 1 1.2(3)
Ptl 3a 0 0 0 1 0.7(2)

U 18f 0.2114(2) 0.1656(2) 0.2637(5) 1 0.37(3)
Pt3 18f 0.0552(3) 0.2760(2)  0.2222(6) 1 0.51(5)
P2 3b 0 0 Y 1 0.7(2)
Pt1 3a 0 0 0 1 0.6(2)




Table 3. Selected interatomic distances iAsPt; (A = U, Th).All the standard deviations
are less than 0.005 A.

UsPt ThsPt,
U/Th -1 Pt3 2.842 2.894
-1 Pt3 2.874 2.928
-1 Pt2 2.882 2.966
-1 Ptl 2.957 3.032
-1 Pt3 2.996 3.137
-1 Pt3 3.028 3.139
-1 Pt3 3.080 3.141
-1 Pt3 3.152 3.255
-1 Pt3 3.247 3.367
-1 U/Th 3.398 3.577
-2 U/Th 3.703 3.810
-2 U/Th 3.929 4.013
-2 U/Th 3.934 4.039
Ptl -2 Pt2 2.840 2.899
-6 U/Th 2.957 3.032
-6 Pt3 3.579 3.679
Pt2 -2 ptl 2.840 2.899
-6 U/Th 2.882 2.966
-6 Pt3 3.702 3.831
Pt3 -1 U/Th 2.842 2.894
-1 Pt3 2.851 2.928
-1 U/Th 2.874 2.964
-2 Pt3 2.929 3.020
-1 U/Th 2.996 3.137
-1 U/Th 3.028 3.139
-1 U/Th 3.080 3.141
-1 U/Th 3.152 3.255
-1 U/Th 3.247 3.367
-1 Ptl 3.579 3.679
-1 Pt2 3.702 3.831

C/ Magnetic properties

Results of the magnetic measurements performednoasacast kP, sample are
presented in figure 3. The high temperature (980 RB) paramagnetic domain of the inverse

magnetic susceptibility follows a modified Curie-\&&law:

C
L= %t 1, (1)
wherexo = 3.16(4) 16 m® mol™ represents a sum of temperature independent botitms to

the total susceptibility (likee.g. core diamagnetism and Pauli paramagnetism of atiwoiu



electrons), C =2.31(2) !nK mol* is the Curie constant anfe = -11.8(6) K is the
paramagnetic Curie-Weiss temperature. Since thenetiag susceptibility of TiPt; (not
shown here) is a few orders of magnitude loweggreement with the emp8&f shell of Th-
ions in intermetallics, one can discard the pobgiio have magnetic moments carried by
platinum atoms, in agreement with previous obse@wmaton rare earth based isostructural
compounds [25,26]. Therefore one can calculate ftbwn Curie constant the effective
magnetic momentdg per U-atom, which is equal taqi= 2.21 . The obtained value ofci

is significantly different than those calculated fiee U* and U ions (3.62  and 3.58 g,
respectively). This is most probably due to crystald interactions and strong
magnetocrystalline anisotropy usually present ianiwum intermetallics (see.g [27] and
[28]) and entirely neglected in the Curie-Weiss.fRartial delocalization of th&f-electrons
can be another origin of the reduced value gfand of the moderately enhancgd 6p is
negative but with a very small absolute value, keibcoes not allow to conclude about the
predominant ferro- or antiferromagnetic nature loé interactions. Such small positive or
negativedp values are encountered in thesRE (RE = Nd, Gd— Tm) ferri- or ferromagnetic
series [29] but also in the ferromagnetic superactats UCoGe and URhGe [30,31].

The anomaly observed in M(T) at low-temperaturg. (8b) shows that 4Pt orders
magnetically below about 10 K. The Brillouin-likehegppe of the anomaly as well as
bifurcation of the M/H(T) curves indicate a ferrogn@tic character of the ordering. A weak
magnetic hysteresis visible in M(H) measured atltheest studied temperature (2 K) and a
tendency of M to saturate at high fields (fig. 4egms to corroborate the latter hypothesis.

The temperature dependence of #@esusceptibility (fig. 3d) exhibits a distinct
anomaly in its real partyl). It allows estimating more precisely the Curemiperature of
UsPt as Tt = 6.5(5) K. The peak ig'(T) is associated to an anomaly in the imaginaast pf
the susceptibility "), which is located (as expected) just below. Buch a feature shows
energy losses caused by alternate probing madgreticand is characteristic of ferromagnets.
Since the position of thecTanomaly iny’ ,c seems to be independent of the frequency of the
probing magnetic field, one can exclude a spingylgound state. The overall magnetic
behaviour is similar to that reported for the sRE compounds [29] crystallizing with the

PwPd, structure type.
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D/ Specific heat

Figure 4a presents the specific hegto€ as-cast TPt and WPt as a function of
temperature. The overall shape of the Cp(T) cursas line with predictions of the Debye
description of lattice vibrations. However, at higimperatures Cof both compounds tends
to saturate at values larger than that expected th® Debye model and hence also from the
Dulong-Petit limit (i.e. 7x25 = 175 J KmolY). In the case of WPy the difference is
relatively small and can be ascribed to the spetifiat of conduction electrons, completely
neglected in the two theoretical approaches meati@bove. In kP, the deviation from the
value expected for phonon specific heat is mucelaand results most probably from the
presence of the uraniubf electrons. At high temperature anharmonic vibregicould also
play a significant role and yield some non-negligitontribution to the specific heat. In
order to verify our predictions and illustrate thpproach we have tried to describe the
experimental data by the formula [32]:

0p/T x*e*

1 7\3
Cy(T) =yT + e 9rR (%) /5 7y dx, (2)

in which the first term describes the conductioecton contribution to the specific heat and
the second term is the Debye formula for the phospacific heat multiplied by an
anharmonic term. Fig. 4(a) displays results thetleguares fit of Eq. (2) with= 7 atoms per
formula unit and the universal gas const&ntwhich yields the Sommerfeld coefficient
y=9.8(5) mJ K mol, the anharmonic correction coefficiemt= 1.6(1) 10* K™ and the
Debye temperatur€@p, = 170(2) K.

At low temperatures the specific heat oFPh follows the formula:

Cp, =yT + BT? (3)

where the second term is the DebyeaWw (for explanation see.g [33]). Least squares fits
of the experimental data (inset to fig. 4a) vyielded9.9(6) mJ K mol' and
S =2.68(4) mJ K mol™. @ estimated from the latter parameter is equal @(1)7K. Both
the Sommerfeld coefficient and the Debye tempeeatare from ranges typical for
intermetallics and are close to those obtained feqm(2).

Ferromagnetic ordering observed in magnetic pragsedt T manifests itself as a
slightly broadened anomaly in the specific heatUglPt; (inset to fig. 4a). Assuming that
ThsPt, is a good phonon reference of the U-based isdstalacounterpart, one can estimate
the magnetic contributioACp to the total specific heat of3Bt; by substracting g&T) of
ThsPt,. The so-obtained difference is plotted3-/T vs. T in figure 4b. As seen, below the

11



ordering temperature the anomaly can be describgdthle formula developed for

ferromagnetic spin-waves with an energy gap imtagnon spectrum [33]:

5% — y* + BT 2 /r (4)

wherey* = 737(4) mJ mot K (i.e. 246(2) mJ m@/* K®) can be treated as enhancement of
the Sommerfeld coefficient coming from the presemndéethe 5f electrons of uranium,
A = 5.4(3) K is the gap in the magnon spectrum amdZB0(2) mJ mét K2 is a coefficient

of proportionality. The value ofA is close to € as observed in various uranium based
ferromagnets. The enhanced value ofytheoefficient (two orders of magnitude larger than
gamma in ThPL) suggests a pronounced heavy fermion charactdgii.

Taking the theoretical curve (4) up to 2 K and é&x@erimental data above 2 K one

can estimate temperature dependence of the mageetiopy in UWPL, using the

thermodynamic relation:

ST = [22ar (5)
(with the assumption that S(0)=0). The so-obtaiB€n) curve is presented in Fig. 4(b) (right
axis). As seen the magnetic entropy achieves abridhering temperaturecithe value of 1/3
of RIn2 per uranium atom, expected for a doubleugd state. Such reduced entropy could
be a result of either presence of strong hybricbnadf the5f electrons with conduction band
electrons (in line with the enhanced Sommerfeldffament in UsPY) or differences in
phonon spectra of U- and Th-based systems, orddtgbts together.

12
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Conclusions

Our reinvestigation of the U-Pt binary system léathe discovery of the novel;BY
intermetallic phase. Together with the previousntioned TBPY, [9], they crystallize in the
trigonal PyPd, structure-typeR3 space group).

As revealed by the magnetic properties and speledat measurementszRY, orders
ferromagnetically below 3= 6.5(5) K. Enhanced Sommerfeld coefficient of specific heat
suggests the presence of strong electron interecamd a heavy fermion character of this
intermetallics compound. The M/H(T) ang(T) curves around the magnetic transition also
strongly resembles those reported for the supercziimd itinerant ferromagnet UCoGe [34],
pushing for further characterization of this platen Lower temperature measurements are
also desirable on higher purity 3R, to compare it to the isostructural superconductgPt,
(Tsc= 0.51 K) [35]. Single crystals are currentpder synthesis to perform these

investigations.
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* Thenovel phases AsPt; (A = Th, U) crystallizes with the PusPd, structure-type
» UsPt, orders ferromagneticaly below T¢ = 6.5(10) K
«  UsPt, exhibits a heavy fermion behaviour (y = 246(2) mJ moly™ K™



