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Abstract

Th-containing superconducting high entropy system with the nomi-
nal composition (NbTa)o.67(MoWTh)g.33 was synthesized. Its struc-
tural and physical properties were investigated by X-ray diffrac-
tion, scanning electron microscopy, energy dispersive X-ray spec-
troscopy, specific heat, resistivity and magnetic measurements.
Two main phases of alloy were observed: major bcc struc-
ture and minor fcc. The experimental results were supported
by numerical simulation by the DFT Korringa-Kohn-Rostoker
method with the coherent potential approximation (KKR-CPA).
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Introduction

High entropy alloys (HEA) can be defined as solid solutions of five or more
mixed elements in non-negligible amounts (higher than 5 at.% each), which
are characterized by well-defined, ordered crystal structure with high chemical
disorder, i.e. random distribution of elements at equivalent crystallographic
positions. Instead of forming binary, ternary or other intermetallic compounds,
they retain simple, closed packed structures similar to those of simple metals.
The name ’high entropy’ comes from the large change in configurational en-
tropy during the synthesis of a multi-element alloy, as described by Yehet al.,
[1].

Among other things, the HEAs have become well known as alloys with
unusually high mechanical strength and corrosion resistance [2-4]. However,
superconducting alloys with high entropy have attracted much attention in
recent years. Most of them consists of tantalum-niobium matrices doped with
other transition metals, such as Ti, Zr and Hf [5-7]. It has been shown, that
chemical composition and molar ratio of the constituent elements strongly
affect the properties of the superconducting state (SC) in terms of critical
temperature Tg, critical field H., and SC transition width [8-12].

So far, very little is known about actinides-containing high entropy
alloys. Currently, HEA with uranium are mainly being studied in the
development of advanced high strength materials [13, 14]. Recently, how-
ever, a superconducting state has also been found in one of the alloys,
namely [TaNb]o 31 (TiUHf)g 69 [8], but to the best of our knowledge there
are no known superconducting HEAs containing thorium. Motivated by this
state of affairs, we have undertook a search for the first Th-based super-
conducting HEA. We chose the recently described superconducting alloy
(NbTa)g.67(MoHfW)g 33 [15] as our starting point. In addition to the synthe-
sis of a new alloy, followed by full structural and physical characterization, we
also undertook numerical studies of the electron structure of the obtained al-
loy. The DFT calculation were also used to explain the formation of more than
one phase in studied sample.

Results and disscusion

Crystal structure and chemical composition

Fig. 1 presents powder X-ray diffraction (XRD) patterns obtained for the syn-
thesized alloy (NbTa)g.g7(MoWTh)g 33. Analysis of the experimental data by
the Rietveld method showed that the sample consist of four phases: (1) the ex-
pected alloy crystallizing in a cubic, body-centered (bce) structure (90.8 w%,
assuming an equal distribution of elements between the two main phases), (2)
the expected alloy but with a face-centred (fec) structure (7.6 w%), (3) tho-
rium oxide (0.7w%), and (4) tungsten (0.9w%). The thorium oxide (ThO,
or thoria) is a refractory oxide with 3573 K melting point, which is a com-
mon impurity in thorium-containing compounds and alloys. Its presence in the
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Figure 1 X-ray powder diffraction pattern of (NbTa)g.67(MoWTh)g. 33 along with results
of Rietveld refinement of its crystal structure. Red circles and black line represent the ex-
perimental data and fit curve, respectively, and green line is the difference between the two.
Symbols *, ¢, + and /" mark Bragg reflections coming from phases found in the sample and
a pie chart shows weight content of those phases.

Figure 2 SEM micrographs with EDXS elemental mapping of sample surface of
(NbTa)o.67(MoWTh)g.33. Individual panels are labeled with symbols the content of which
was analyzed; panel without the indicated element name shows the sample surface.

sample studied was therefore difficult to avoid and, so to speak, expected. The
case is similar for tungsten, which has the highest melting points among met-
als. Therefore, the presence of a small amount of unreacted tungsten is not
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surprising even with repeated melting of the sample. Fortunately, neither tho-
rium oxide nor free tungsten superconduct and order magnetically (at least
in the temperature range studied) [16], so such small amounts of these impu-
rities had no significant effect on determining the physical properties of the
majority phase. However, the influence of the presence of the fcc phase will be
discussed in the description of individual properties.

The lattice parameter estimated for the bcc phase was found to be
a=3.2725(3) A. Tt differs from the lattice parameters of any of the pure metals
used in the synthesis, but is close to those of Nb (a:3.3033]-\ according to
PDF 34-370) and Ta (a=3.3058 A according to PDF 4-788), the two major-
ity elements of the alloy studied. In the case of the fcc phase, a is 5.0955(6) A
which is close to the lattice parameter of pure thorium (a =5.0722 A according
to PDF 1-920), which also crystallizes in the fcc structure.

Analysis of the chemical composition of the surface of the synthesized
sample (Fig.2) clearly showed presence of two phases with slightly different
composition: large grains of the primary (major) phase separated by thin lay-
ers of the secondary phase. A closer look at the distribution of individual
elements in the sample reveals that the primary phase contains less Th and
more Ta and W than the secondary one, while the content of Nb and Mo in
both phases is much more similar.

The EDXS analysis of selected spots in these areas gave their aver-
age compositions: 37.82(76) at.% Nb — 36.48(73) at.% Ta — 10.65(43) at.% Mo
- 10.39(42) at.% W — 4.21(84)at.% Th for the primary phase, and
30.58(61) at.% Nb — 24.58(49) at.% Ta — 12.09(48) at.% Mo — 7.10(28) at.% W
— 24.90(50) at.% Th for the secondary phase. Although EDSX is a semi-
quantitative method that provides only approximate data on chemical com-
position of particular phases (especially when they are not well separated),
the data we obtained show that the secondary phase is indeed an alloy, and
not just inclusions of pure thorium. In other words, our sample probably con-
tains two HEA alloys, which is consistent with the results of crystal structure
refinement mentioned above. Numerical simulation of several structures with
various atomic compositions using Density Functional Theory (DFT) meth-
ods sheds more light on the possible stoichiometry of the detected alloys (it is
discussed later in this paper).

Physical properties

Measurements of magnetic properties of (NbTa)g.¢7(MoWTh)g 33 revealed that
it has a weak, featureless and nearly temperature-independent magnetic sus-
ceptibility at least down to about 7K. This means that both the beec and fec
phase are Pauli-like itinerant paramagnets.

Magnetic measurements in zero field cooling (ZFC) regime (Fig.3(a))
shown that sample undergoes transition from paramagnetic state to diamag-
netic one at the low temperatures. This transition begins with the onset at
about 7 K which starts to develop into sharper decline of mass magnetization
o at 5.64(2) K (T.). The sharp decline ends at 3.2K but diamagnetic signal
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Figure 3 (a) Temperature dependence of mass magnetization o  of

(NbTa)g.67(MoWTh)g.33 in an external magnetic field puoH, measured at low temperature
in both zero-field cooling (ZFC) and field-cooling (FC) regimes; solid curves serve as guides
for the eye, and T and Tt onset mark superconducting transition in the alloy (see the text
for details). (b) Field variation of o measured at various temperatures in the superconduct-
ing state.
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Figure 4 (a) Temperature variation of specific heat Cp of (NbTa)g.67(MoWTh)g.33; insert
shows C'p /T vs. T? measured in various external magnetic fields po H. Black solid curves are
fits of Egs.1 (main panel) and 2 (insert) to the experimental data. (b) Electrical resistivity
p of the alloy measured as a function of temperature in zero magnetic field; insert shows
p(T) in various fields. Solid curves serve as guides for the eye.

is progressively getting stronger with cooling. The measurement conducted in
field cooling (FC) regime showed no diamagnetic transition, probably due to
strong vortex pinning in type-II HEA superconductor. Fig. 3(b) is presenting
field dependent magnetisation curves measured at different temperatures. One
can see that when temperature rises and disrupt fully developed Meissner state
(showed in Fig. 3(a) as being below 3.2 K), value of o drastically decreases but
diamagnetic signal disappears only after heating above 7K (T¢ onset)-

The C,(T') dependence of (NbTa)g.67(MoWTh)g 33 is presented in Fig. 4(a).
It bears no significant feature above 7K and it follows Dulong- Petit law at
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RT. Experimental points of the curve measured in nominal field pugH=0K
were easily described by the conventional formula:

3 Op/T 4 x
Cp(T) =~T +9Rr (®T> / (Ldm (1)
0

D er — 1)2 ’

in which the first term describes the electron contribution to the specific heat
according to the Sommerfeld model, and the second term is the phonon contri-
bution to Cp(T) in terms of the Debye model, with the Sommerfeld coefficient
~ and Debye temperature Op, as fitting parameters; R denotes the universal
gas constant and r is the number of atoms in the formula unit, which in this
case is equal to 1. Results show simple metallic behaviour of this alloy at the
normal state. Insert in Fig. 4(a) presents C,/T measured at several selected
fields at low temperatures in function of T2, reviling two inclines correspond-
ing to T¢ onset and T, previously observed in Fig. 3(a). The level of incline is
relatively small in comparison to A-shaped superconductive transition below
T..

Below 7K function Cp/T of (NbTa)g.67(MoWTh)g 33 in the normal state
can be described by the T3-Debye law (bold black line in Fig.4(a)).:

Cp(T)

LT 2
- T 2
T v+ BT, (2)

with v=3.31(4) mJ K~2mol~! and 8=0.1739(5) mJ K~*mol~!. Using lattice
specific heat coefficient [ as fitting parameter to equation:

vr [ 12R74\°
o <n = ) (3)

specific Debye temperature O =223.59(2) K was found. The 7. and OKT were
used to calculate electron-phonon coupling from McMillan’s equation [17]:

1.04 + p* In ( o )

1.45T,

(4)

)\el—ph = QLT

(1-0.62u%)In (ﬁ) —1.04

where p* is the Coulomb repulsion constant. Taking p* =0.125 (a value com-
monly used for systems containing mostly d-electron elements), we obtained
Ael—ph = 0.72(4). That classifies this alloy in the range of intermediate electron-
phonon coupled superconductors. To estimate conductive electron density of
states at the Fermi level N(Er) = 1.4. Sommerfeld coefficient v was used in
following equation:

1
= 37 kENAN (Er) ()
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Then, density of non-interacting electrons N(Er)* = 0.8(1) stateseV ! fu. 71
was calculated based on following equation[18]:

N(EFr)

N(Ep)" = [ y—

(6)

Fig.4(b) depicts electrical resistivity p measured in nominal zero applied
field. As shown, the electrical resistivity decreases with decreasing tempera-
ture in a manner characteristic of metals. At low temperatures the resistivity
drops to zero, indicating superconducting properties of the compound under
investigation. Here we define T, at 10% of residual resistivity, which in nomi-
nal field is 7K. The RRR ratio is equal to 2.54, and its low value is a result of
the polycrystalline nature and high degree of structural disorder in the sample.
Insert in Fig.4(b) shows temperature dependant curves measured in various
fields. Transition to zero resistance is visible even under applied nominal field
higher than used in other methods.

From the collected data regarding superconducting state it is evident that
this alloy posses two superconductive phases - one with T, around 7K and
other with T, at 5.6 K. The latter is most likely corresponding to the bulk,
Th-depleted, bee phase as its transition temperature is close to the other HEA
of similar composition. Also depth of Meissner state as well as phase transi-
tion peak in C,/T curve indicates that this is the signal of dominant phase.
Overlapping of the phases signals makes impossible to determine exact T, of
bee phase from C),/T curve. On the other hand the diamagnetic signal of the
phase with higher T, depicted in Fig.3 has only minimal incline so 7, of the
main phase could be described as above. In the C,/T high T, phase transition
is extremely broad. It is hard to attribute this to Th-rich phase crystallizing
in fce structure as one would expect sharper transition due to sheer amount
of this phase. Instead, based on SEM-EDS observations, these signals could
originate from minuscule phases with disturbed stochiometry that could be
formed on the interphase between well crystallized, superconductive bce phase
and nonsuperconductive fcc phase as both of them are not well separated, but
merging one into another. That would explain weak but broad transitions seen
in Fig. 3 and Fig. 4(a) but also robust electrical resistance in Fig. 4(b). To fur-
ther analise the two phases in regards of their stability and superconductive
properties, the DFT numerical simulations were performed.

Numerical simulations

The experimental data evidently proved that our (NbTa)g.g7(MoWTh)g 33
sample contains two HEA. The major Th-depleted phase crystallizes in bcc
structure while the secondary Th-rich phase crystallizes in fcc. In order to
study the relative stability of bcc vs. fcc phases, the total energy computa-
tions were done using KKR-CPA method for these two phases varying the
concentrations of the constituent elements of the alloy around their exper-
imentally observed stechiometry. For each structure and composition, the
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Figure 5 Free energy changes calculated for both bcc and fcc phases in as a function
of Th concentration; insert shows the equilibrium lattice parameter determined from the
relaxation of the unit cell.

equilibrium lattice parameter were derived from the relaxation of the unit cell.
The free energy F at temperature T for bce and fcc phases was computed
using equation:

n
F = Eform — TS = Banoy — Y _ ¢iE; — TS, (7)

i=1
where the ground state formation energy (Fform) is the difference between
the total energy of a given alloy E,i0y and sum of total energies of elemental
bulks E;, weighted over concentrations c¢;, while S is the total entropy. In the
case of HEA, S is dominated by the configurational entropy Scons which in
random solid system containing n elements is given by combinatorial formula

[1]:

S ~ Seont = —kn Z ¢ Inc;. (8)

i=1
The calculations of F' at T'= 300 K were performed for over 1000 bee and
1000 fcc HEA structures in which the atomic concentration of each element in
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the NbTaMoWTh alloy varies in the range of 10% - 46% for Ta, 10% - 49%
for Nb, 0.2% - 22% for Mo, 0% - 17% for W and 0% - 35% for Th. Fig.5
shows the equilibrium lattice parameters and F' values computed for all taken
into account HEA structures as function of Th concentration (cty,). Since the
crystal stability of the system is related to the minimum of the free energy,
the obtained results show the preference of bee structures for e, < 5%, while
fce one for ety between 5% and 32%. These findings are in agreement with
XRD and SEM results which reveal the coexistence of bcc HEA phase with
Th content close to 4 at.% and fcc HEA phase with about 25 at.% of Th. For
higher Th concentrations (32% < ¢t < 35%), the difference of F' derived for
both considered structures becomes relatively small indicating that the bcc
and fcc phases may coexist together (heterogeneous equilibrium).
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Figure 6 Electron density of states of of (a) beec Nbg.3gTag.37Mog.11Wo.10Tho.04 and (b)
fcc Nbg.31Tag.25Mog.12Wo.07Thg 25 alloys calculated by the KKR-CPA method. Total and
partial atomic densities, color coded and weighted by their atomic concentrations.

The electronic band structures for all considered bee and fec NbTaMoWTh
alloys were calculated using the KKR-CPA method. In the first step, we
choose two particular HEA compositions (bce Nbg 3gTag 37Mog.11 Wo.10Tho .04
and fcec Nbg 31 Tag o5 Mog.12Wo.07Thg 25) which are close to those estimated
using EDXS analysis. Total and partial atomic densities of states (DOS) of
these two alloys are shown in Fig. 6. In the case of bee alloy the shape of the
total density of states (TDOS) is similar to this reported for the supercon-
ducting becc HEA (NbTa)g.67(MoHfW)g 33 [15]. The Fermi level lies 0.54 eV
above the nearest TDOS maximum while the largest contribution to TDOS
in the Fermi-level region (E — Ep from -4 to 2 eV) comes from Nb and
Ta atoms, due to their highest atomic concentrations in the alloy. For fcc
Nbg.31 Tag.25Mog.12Wg.07Thg.25, one can note larger TDOS at the Fermi en-
ergy NXKR(FR) = 1.57 stateseV~! fu.7! than 1.09 stateseV~!fu.~! for the
bee Nbg.38Tag.37Mog.11 Wo.10Thg.o4. Since the DFT calculations which are per-
formed in this work take into account only the non-interacting electrons, the
obtained N¥KR(Fp) values can be compared with experimentally determined
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N(Ep)* = 0.8(1) stateseV~!fu."!. As one can notice, the theoretical value
of NKKR(ER) for becc HEA is slightly higher than experimental one. In the
case of fcc HEA, N¥KR(EL) is much higher than N(Ep)* and is similar to
N(E¥). Therefore, taking into account Eq.6 this result suggests that for fcc
phase, Aq—pn could be close to 0.

In the next step, taking the calculated N¥KR(Eg) values for all considered
bee and fcc NbTaMoWTh alloys, it is possible to predict the theoretical value
of superconducting critical temperature (TXXR). For each alloy TXKR was
estimated using McMillan’s formula (Eq. 4). The Coulomb repulsion constant
p* was obtained from the empirical relation [19]:

. 026NKKR(E
Ho= KKR( F)' (9)
1+N (EFr)

OLT was calculated from the relation given by Moruzzi et al. [20]:

SoB
LT __ 0
OF" = 41.631/ 222, (10)

where B is the bulk modulus evaluated at the equilibrium Wigner-Seitz
sphere radius Sy and M is the atomic mass of given HEA. Finally, Aci—ph
parameter was estimated as follows [15, 18, 21]:

Yexp 1= Z?:l Ci%i _ 1’ (11)
Yth Yth

where the theoretical specific heat coefficient ¢, was obtained by inserting
NEER(FR) value into relation Eq.5 and the experimental specific heat coeffi-
cient yexp Was approximated by a sum of specific heat coefficients of elemental
bulks 7;, weighted over concentrations c;. The computed values of TXKR for
over 1000 bee and 1000 fecc NbTaMoWTh structures containing up to 35 at.%
of Th are presented in Fig.7. It should be noted here that in the case of
superconducting HEA, the critical temperatures calculated using KKR-CPA
method are generally two time higher than the experimental ones. In par-
ticular, for Tag.34Nbg.33Hf 08Z19.14Ti9.11 HEA, the experimental T, = 7.3 K
while theoretically predicted TXKR = 15 K [21]. For (NbTa)g 67 (MoHfW)g 33,
T. = 4.3 K and TEER = 8.8 K [15]. Since that, the results presented in Fig. 7
should be treated as a crude estimate of real critical temperatures. However,
some general trends can be discussed. Firstly, up to ctn, = 30%, TRER calcu-
lated for bcc HEA are much higher than for fcc alloys with the same atomic
composition. Secondly, above cty, = 10%, TXKR values rapidly decrease with
Th concentration. This tendency is much more pronounced in the case of bce
HEA. Connecting these results with experimental data, one can state that the
broad superconducting transition observed in magnetic and specific heat mea-
surements is caused be inhomogeneous distribution of Th atoms in the bcc
system which leads to a certain distribution of the T; values. Finally, dividing
TXER values by factor of 2, one can obtain the mean critical temperature for
bce HEA with ey, < 10% close to 7-8 K which is comparable with T¢ onset

Ael—ph =
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observed experimentally, while for fcc HEA with ey, ~ 25% the mean crit-

ical temperature is close to 0 K and again this result is in agreement with
experimental data.

20.0

0 5 10 15 20 25 30 35
cr, (at. %)

Figure 7 Theoretical predictions of superconducting critical temperature (TCKKR) for
various NbTaMoWTh alloys containing up to 35 at.% of Th.

Conclusions

The synthesis and physical properties of the high-entropy system
(NbTa)g.67(MoWTh)g 335 were described. Refinement of the crystal structure
as well as SEM imaging and mapping shows segregation on two major phases,
one rich in Th (crystallizing in fec structure) and other Th-depleted (crys-
tallizing in bee structure) as well as W and ThO, impurities. Specific heat,
magnetic and resistivity measurements let ascribe superconductive state with
T. = 5.64(2) K to bce structure, while T¢. onser around 7K as originating from
minuscule, distorted phases forming on an interphase of fcc and bece structures.
This interpretation was supported by DFT numerical simulations which reveal
that SC state in fcc phase would be very unlikely.
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Methods

Synthesis. A polycristalline (NbTa)g.67(MoWTh)g 33 sample was synthesised
by conventional arc melting technique where the stochiometric amounts of pure
elements and Ti-gettered Ar atmosphere were used. Process was repeated eight
times. To ensure minimal amount of ThOs in thorium metal, the raw material
was polished with metal file and remelted few times before the synthesis of the
alloy. The total weight loss after the synthesis was less than 0.3%.

X-ray diffraction. Crystal structure of the product was studied by powder
X-ray diffraction (XRD) using a PANalytical X’pert Pro diffractometer with
CuKa radiation. The experimental XRD pattern was analyzed by the Rietveld
method using the HighScore Plus software.

Elemental analysis. Chemical composition and phase composition of the
sample were verified by energy dispersive X-ray spectroscopy (EDXS) using a
FESEM FEI Nova NanoSEM 230 scanning electron microscope equipped with
an EDAX Genesis XM4 spectrometer on polished surface of the cut specimen.

Magnetic measurments, heat capacity and electrical resistivity.
Magnetic properties of the alloy were studied in temperature range 1.72-300
K and in magnetic fields up to 20 kOe using a commercial Quantum Design
MPMS-XL magnetometer. Heat capacity and electrical resistivity were mea-
sured from room temperature down to 1.8 K using a Quantum Design PPMS
platform.

Theoretical calculations Free energy and electronic structure calcu-
lations were performed using the Korringa-Kohn-Rostoker (KKR) method,
which in the case of disordered systems was implemented together with the
coherent potential approximation (CPA), where a random arrangements of
all elements is replaced by the ordered lattice representing an average over
all possible configurations of the disordered lattice within the simple unit
cell (bee or fee) [22-26]. In this study, the KKR-CPA method implemented
in the AkaiKKR (MACHIKANEYAMA) package was used [27-29]. The
Perdew-Burke-Ernzerhof exchange-correlation functional (PBE) was applied
to construct the muffin-tin crystal potential in the semirelativistic approach
[30, 31]. The cutoff for the angular momentum was set t0 lmax = 3 and 256
k points were used to sample the irreducible part of the Brillouin zone during
the self-consistent cycle and density of states calculations. Additionally, values
up to 5216 k points were tested yielding virtually the same results. Atomic
sphere approximation (ASA) was utilized in all calculations. For each consid-
ered HEA structure and composition, the lattice parameter a, bulk modulus B
and its derivative B’ of the crystal were derived using the Murnaghan equation
of state [32].
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