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Abstract
We show that the previously unreported ternary ¢ phases Nb2o.4Rhs.7Ges.9 and Nb2o4Rhs.7Si3.9 are
both superconductors with Tc values of approximately 1.9 K. The superconducting transitions
were characterized through temperature-dependent magnetic susceptibility, electrical resistance,
and specific heat measurements. The Sommerfeld constants, y, for Nb2os4Rhs7Geso and
Nb20.4Rhs.7Si3.9 are 89(1) mJ mol-f.u.”! K2 and 86(1) mJ mol-f.u.”! K2 (about 3.0 and 2.9 mJ mol-
atom ' K2), respectively. The normalized specific heat jumps at Tc, AC/yT., are approximately
1.39 for Nb20.4Rhs.7Ges 9 and 1.30 for Nb20.4Rhs 7S13.9, consistent with both materials being weakly
coupled BCS type superconductors.
1. Introduction

Intermetallic sigma (o) phases crystallize in the tetragonal space group P42/mnm (No. 136)
with the CrFe-structure-type. With 30 atoms per unit cell and five inequivalent crystallographic
sites: 2a, 4f, 811, 8i2, and 8j [1-6], o phases are relatively complex, with topologically closest
packed structures belonging to the Frank-Kasper [7—11] family of phases. The atoms in ¢ phases
are coordinated by three of the four possible Frank-Kasper polyhedra with coordination numbers
of 15 (4f), 14, (811 and §j), and 12 (2a and 8i2). Other important characteristics of ¢ phases are their
non-stoichiometric atom ratios and also their tolerance for a wide range of compositions. The result

is that the crystal structures can have high degrees of substitutions on the different



crystallographic sites — binary and ternary sigma phases are known [1,2,6,12—19]. These hard,
brittle transition metal alloys have been studied in particular because the precipitation of ¢ phases
can result in deleterious effects on the mechanical properties of steel such as embrittlement

or the loss of resistance to corrosion [20-23].

Many binary o phases have been reported to display superconductivity. For example,
Moo.63Ru0.37 is a superconductor with a Tc of ~7K [24,25] and the critical temperature of Nbo.c2
Pto3s is 2.1 K [26]. The wide composition ranges that are characteristic of ¢ phases often result in
equally wide ranges in Tc. For example, in the Nb-Ir binary system, the Tc of the ¢ phases can
range from 2 to 9 K based on the material's composition [24,27-30]. In general, previous work has
shown that as the composition is varied, Tc increases with decreasing unit cell volume and
increasing valence electron count per atom [24,31]. Due to the large number of reported ¢ phase
superconductors, this structure-type, in spite of its complexity, can be considered a promising host
for superconductivity.

Here we report the two ternary o phase superconductors Nb204Rhs7Geso and
Nb204Rhs.7Si39. To the best of our knowledge, Nb204Rhs7Geso [32] is the only other known
ternary ¢ phase superconductor. In addition, the phases NbRhGe and NbRhSi seem to be the only
other phases to exist in the Nb-Rh-Ge and Nb-Rh-Si systems [33,34]. (Deviations from the
complex atomic ratios 0f 20.4:5.7:3.9 results in the presence of secondary phases in all three cases.)
A Rietveld refinement with occupancies fixed to those previously reported for the Nb-Ru-Ge o
phase (but with Rh in place of the Ru) resulted in a structural model that is in good agreement with
the observed diffraction data for Nb20.4Rhs7Ges 9. Nb204Rhs7Si3.0 had broader diffraction peaks,
suggesting the presence of smaller grain size or some composition variation in this material

compared to Nb204Rhs7Geso. The superconducting transitions of Nb2o4Rhs7Geso and



Nbz0.4Rhs.7S13.9 are sharp and reproducible across multiple experiments. Temperature-dependent
magnetic susceptibility, electrical resistance, and specific heat measurements were used to
characterize the superconducting critical temperature for each superconducting ¢ phase to be about
1.9 K. Specific heat measurements confirmed that both materials are bulk superconductors.

2. Experimental

The starting materials for synthesis of the polycrystalline samples of the Nb2o.4Rhs 7Si3.9 and
Nbz0.4Rhs.7Ges.o superconductors were elemental niobium (> 99.9%, 325 mesh, Aldrich), rhodium
(99.9%, bullion, Baird & Co. Bullion Merchants), germanium (> 99.9%, 3.2 mm, Alfa Aesar), and
silicon (> 99.9%, lump, 15 cm, Alfa Aesar). Both materials were prepared in a similar way to
Nbz0.4Rhs.7Geso [32]. Niobium powder was pressed into a pellet using a hydraulic press and then
arc-melted to create a single niobium metal piece for subsequent melting with germanium (or
silicon) and rhodium. The niobium, rhodium and germanium (or silicon) pieces were then placed
in an arcmelter under 600 mbar of a Zr-gettered Ar atmosphere and were melted together three
times in a 20.4:5.7:3.9 ratio and flipped over in between each melting to ensure homogeneity.
Small amounts of impurity phases were present when the loading composition deviated by 0.3
from the molar ratio 20.4:5.7:3.9 and significant impurities resulted for deviations above 0.3. The
resulting arc-melted buttons had<1% mass loss and the samples are stable in air. The Ge-variant
was wrapped in Ta foil, sealed in an evacuated silica tube, and annealed at 1100 °C for 24 h to
obtain the purest phase with the sharpest diffraction peaks; the quality of the Si-variant did not
increase upon annealing. The purity of each sample was checked using a room temperature powder
X-ray Bruker D8 Advance Eco Cu Ko radiation (A=1.5406 A) diffractometer using a LynxEye-
XE detector. A Rietveld refinement for Nb20.4Rhs7Ges o was performed using the FullProf Suite

with Thompson-Cox-Hastings pseudo-Voigt peak shapes. Lattice parameters from the single



crystal refinement of isostructural Nb2o4Rhs 7Ges.o [32] were used as a starting point. The chemical
formulas were constrained to Nb20.4Rhs7Ges9 and Nb2o4Rhs 7Sis9 since the diffraction patterns
were single phase and there was<1% mass loss after arc-melting the samples. VESTA [35]

was used to create the crystal structure image.

A Quantum Design Physical Property Measurement System (PPMS) Dynacool with a
vibrating sample magnetometer (VSM) option was used to measure the zero-field cooled (ZFC)
and field-cooled (FC) temperature-dependent magnetic susceptibility from 1.68 K-2.3 K for
Nbz0.4Rhs.7Ges.o and Nb2o4Rhs.7Si3.9 with a H=10 Oe applied magnetic field. The field-dependent
magnetization was measured at 1.68 K from 0 to 150 Oe. The PPMS equipped with a resistivity
option was used to measure the temperature-dependent electrical resistance using a standard four-
probe method from 300 K to 1.7 K with a 1 mA applied current. The specific heat was measured
on small samples (~10 mg) of Nb20.4Rhs.7Ge3.9 and Nb20.4Rhs 7S13.9 from 6 K to 1.8 K under zero
applied magnetic field using Apiezon N grease.

3. Results and discussion

There are no previously reported ¢ phases in the Nb-Ge, Nb-Si, Rh-Ge, or Rh-Si binary
systems, but a binary ¢ phase superconductor Nbo.csRho3s is known [36]. Room temperature
powder X-ray diffraction data (pXRD) showed that both our previously unreported ternary
materials, superconducting Nb2o.4Rhs.7Ges.9 and Nb20.4Rhs.7S13.9, crystallize in the tetragonal space
group P42/mnm (No. 136) with the CrFe structure type typical of ¢ phases. We saw no evidence
for a solid solution between these materials and the binary Nb-Rh o phase; precise ternary
compositions are needed to synthesize single phase materials. The lattice parameters are

2=9.8484(1) A and ¢=5.1300(1) A for Nb20.4Rhs7Ges.0 and a=9.8107(2) A and ¢=5.1238(1) A for



Nb204Rhs7Si39, respectively. Table 1 shows the results of the Rietveld refinement for
Nbz04Rhs.7Ges.o, where the site occupancies were fixed to the values determined previously [32]
for the isostructural superconductor Nb2o.4Rhs7Ges9 (though with Rh in place of the Ru). This
model gave an exceptional fit to the data, as seen in Fig. la. A LeBail fit was used for
Nb204Rhs 7S13.9 (Fig. 1b) because the cluster of high intensity peaks near 40° 26 had wider peaks
than those seen for the Ge variant: the diffraction peaks for this material suggest that it may have
either a smaller grain size or some composition variation when compared to the Ge variant. To
most quantitatively determine the site occupancies of both Nb2o4Rhs7Ges9 and Nb20.4Rhs7Si3.9,
diffraction at multiple wavelengths of radiation (with different atomic scattering factors) would be
required, which is beyond the scope of the present study. For the current purposes, it is sufficient
to confirm that our materials are single phase, and that their diffraction patterns index to the space
group P42/mnm (No. 136) and display peak intensities to indicate that they are isostructural with
other previously reported o phases. Fig. 1¢ shows the crystal structure of Nb2o.4Rhs.7Ges.o viewed
along the c-direction, emphasizing its topologically closest packed structure.

To characterize the superconducting Te, the field-dependent volume magnetization (MV)
and temperature-dependent volume magnetic susceptibility (yv) were measured for both
Nbz04Rhs7Geso (Fig. 2a) and for Nb2o.4Rhs.7Si3.9 (Fig. 2b). The MV was measured from 0 to 150

Oe for both Nb20.4Rhs.7Ges9 (Fig. 2a, inset) and Nb2o4Rhs 7S13.9 (Fig. 2b, inset) at 1.68 K and fitted

with the equation Mgt = bH + a, where b is the slope of the fitted line. The equation, ~” = 7@-m
was then used to determine the demagnetization factor, N, for each sample, which is based on the
sample shape and how the sample is oriented with respect to the applied magnetic field. The N
values obtained (N=0.348 and 0.359, for the Ge and Si variants, respectively) were used to correct

the magnetic susceptibility data in the main panels of Fig. 2a—b. Both zerofield cooled (ZFC) and



field cooled (FC) yv(T) were measured from 1.68 K—2.3 K with H=10 Oe as the applied magnetic
field for both Nb20.4Rhs.7Ges9 and Nb20.4Rhs7Si3.9. The resulting diamagnetic signal at 1.68 K is
very close to the ideal value of 4myv(1-N)=—1 for both superconductors. The intersection of the
extrapolated normal state susceptibility with the steepest slope of the diamagnetic superconducting
signal (black solid lines) was used to determine the Tc values [37] for the new superconductors to
be 1.95 K and 1.91 K for Nb204Rhs7Geso and Nb20.4Rhs7Si39, respectively. Polycrystalline

samples typically have weak signals in FC measurements, as is seen in our materials.

Table 1. Atomic coordinates of Nb20.4Rhs 7Ges o from the Rietveld refinement of room temperature
powder X-ray diffraction data? in space group P42/mnm, with a=9.8484(1) A and ¢ =5.1300(1)
A.

Atom Wyckoff Position Occupancy x ¥ z By
Rh/Gel/Nb4 2a 0.67,/0.23/0.1 0 0 /] 3.3(1)
Rh/Ge2/Nb5 8j 0.54/0.43/0.025 0.1816(1) 0.1816(1) 0.2522(5) 2.46(3)
Nbl af 1 0.3962(2) 0.3962(2) o 3.10(7)
Nh2 8iy 1 0.7405(3) 0.0674(3) o 3.42(4)
Nb3 Biy 1 0.4637(2) 0.1278(2) 0 3.23(5)

* Rietveld agreement factors: x° = 2.67; wR, = 15.3%; R, = 15.5%; R(F") = 9.38%.
b The occupancies were fixed to values observed previously from a single crystal refinement of Nby, jRus ;Ges g [32].
© Describing the 8i sites as 8i; and 8i; is convention for o phases. See Ref. [2].

The temperature-dependent normalized resistance R/R3oox is shown in Fig. 3a for
Nb20.4Rhs7Ges .9 and Fig. 3b for Nb20.4Rhs 7S13.9. The resistance remains relatively flat throughout
the entire temperature range above Tc for both materials -they are “poor metals” presumably due
to the substitutional disorder present. These data are consistent with what is observed for the other
ternary ¢ phase superconductor Nb2o.4Rhs 7Ges o [32]. The insets of Fig. 3a—b show the resistance
dropping to zero at ~1.9 K for both materials, consistent with the observed T. values obtained

from the temperature-dependent magnetic susceptibility measurements.



The temperature-dependent specific heat was measured under zero applied magnetic field
in the vicinity of the superconducting transitions or Nbzo4Rhs7Ges.o (Fig. 4a) and Nb2o4Rhs.7S13.9
(Fig. 4b) and plotted as Cp/T vs T. Equal-entropy constructions (yellow shading) of the idealized
specific heat jump (solid black lines) were used to determine the Tc to be 1.95 K for the Ge variant
and 1.91 K for the Si variant. The large jumps in specific heat are sharp and consistent with bulk

superconductivity in both Nb20.4Rhs 7Ges.9 and Nb2o.4Rhs 7S13.9.
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Fig. 1. a) Rietveld structure refinement of the o-phase Nb2o4Rhs7Geso from room temperature
pXRD data. Red circles - experimentally obtained data, black line - calculated pattern, green
vertical bars - expected Bragg reflections, blue line - difference between the observed and
calculated data. b) Room temperature pXRD data showing a LeBalil fit of the isostructural ¢ phase
Nb20.4Rhs.7S13.9. The group of high intensity peaks near 26 =40° is a common feature of ¢ phases.
¢) Crystal structure of the topologically closest packed 6 phase Nb2o.4Rhs.7Ges.9 when viewed along
the c-direction, generated from the cif file from the Rietveld refinement of Nb2o4Rhs7Ges.o.

Niobium atoms - green, rhodium atoms - blue, germanium atoms - pink.
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Fig. 2. ZFC and FC temperature dependent magnetic susceptibility yv(T) for a) Nb2o.4Rhs7Ges.9
and b) Nb20.4Rhs7Si3.9 measured in a H=10 Oe applied magnetic field from 1.68 K-2.3 K and
corrected for the demagnetization factor, N. The ZFC measurements show a superconducting
critical temperature of a) 1.95K and b) 1.91 K. Inset: Field-dependent magnetization data
measured at 1.68 K for a) Nb204Rhs7Geso and b) Nb204Rhs7Siz9 to estimate the value of the

demagnetization factor, N, for each sample based on the fit line, Mit.
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Fig. 3. Temperature-dependent normalized electrical resistance, R/Rsook for a) Nb2o.4Rhs7Ges.o

and b) Nb204Rhs.7S13.9 between 300 K—1.7 K under zero applied magnetic field. Inset: R/R3o0x for

a) Nb204Rhs7Geso and b) Nb24Rhs7Siz9 from 1.5K-3.0K showing the superconducting

transition at ~1.9 K for each material.
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We note that the loss of a significant amount of entropy at a superconducting transition is an

unambiguous signature of bulk superconductivity. Our specific heat data, along with the T¢'s and



the single phase nature of the materials therefore clearly distinguish our ternary phases from the
superconducting Nb-Rh binary phase, whose T is 2.9 K [36].

The T determined for each superconductor is consistent across the three measurements:
magnetic susceptibility, electrical resistance, and specific heat. The insets of Fig. 4a—b shows a
plot of Cp/T vs T2. The data were fitted in the normal state (above T¢) to the equation

G
T

=y +pT?

where yT is the electronic contribution and BT 3 the phonon contribution to the specific heat. The
slopes of the fitted line, B, were calculated to be 0.921(3) mJ mol-f.u.”'K™* and 0.837(3) mJ mol-
fu.'K™ (fu.=formula unit) for the Ge and Si variant, respectively. The Sommerfeld parameter y
was then calculated to be 89(1) mJ mol-f.u.”'K™* and 86(1) mJ mol-f.u.”'"K™ for Nb2o4Rhs7Ge3.9
and Nb20.4Rhs7Siz9. The Sommerfeld parameter of the previously reported superconductor
Nb204Rhs7Geso was 91(1) mJ mol-f.u."'K™2 [32], which is only slightly higher than the values
reported here for Nb20.4Rhs7Geso and Nb2o4Rhs7Siz9. The Debye temperature (®D) for each

superconductor was then calculated to be 398(1) K and 411(1) K for Nb204Rhs7Geso and

Nb20.4Rhs.7S13.9 using the equation

where n=30 (Nb20.4Rhs.7Ges.9 or Nb20.4Rhs 7Si3.9) and R is the ideal gas constant (R=8.314 J mol ™!
K ™). The electron-phonon coupling constant Acp was then calculated to be 0.480 for the Ge variant

and 0.475 for the Si variant by using the inverted McMillan formula [38].
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together with the values of ®D, T, and assuming that u* = 0.13. Based on the Aep values, both
Nb20.4Rhs.7Ges.9 and Nb2o4Rhs 7Si3.9 are weak coupling superconductors. The Fermi energy N(EF)
was then calculated to be 26 states eV—1 per formula unit of Nb2o4Rhs7Ges9 and 25 states eV
per formula unit of Nb2o4Rhs7Si3ousing the above equation where y=89(1) mJ mol-f.u. 'K for
the Ge variant and y=86(1) mJ mol-f.u."'K 2 for the Si variant. The normalized specific heat jump
value, AC/yTe, for Nb204Rhs7Ges.o is 1.39, which is close to the weak coupling limit based on BCS
theory (AC/yTc=1.43) [39]. The AC/yTc value of Nb20.4Rhs.7S13.9is 1.30, which is slightly less than
that observed for the Ge variant. However, the value for each specific heat jump confirms bulk
superconductivity in the o phases Nb2o.4Rhs7Ges.9 and Nb2o.4Rhs 7Si3 9.
4. Conclusions

We report two new ternary o phase superconductors Nb2o.4Rhs.7Ges.9 and Nb2o.4Rhs.7Si3.9,
which are shown to crystallize in the CrFe structure-type using room-temperature powder X-ray
diffraction data; the Si variant appears to be the first Si-containing ¢ phase superconductor. Each
superconductor shows a transition to the superconducting state at ~1.9 K in its magnetic
susceptibility, electrical resistance, and specific heat data. Calculated superconducting parameters
confirm that both Nb204Rhs7Geso and Nb2o4Rhs7Sizo are weak coupling BCS type
superconductors. These materials add to the only other previously reported ternary ¢ phase
superconductor, Nb2o4Rhs7Geso [32]. The lower Tc for Nb2o.4Rhs7Ges.o (1.9 K) with its higher
electron count per atom than Nb2o4Rhs7Geso (Tc=2.9 K) is contrary to the general trend seen in
superconducting binary ¢ phases, where increased electron counts lead to higher T¢'s, and the
essentially equal Tc's for the Si and Ge variants reported here reflect a relative insensitivity of the
superconductivity to the identity of the metalloid atoms. Our results show that ¢ phases continue

to be a promising family of materials for hosting superconductivity.
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