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ABSTRACT: Technetium (Tc), atomic number 43, is an element that humans cannot freely use even in the 21st century be-
cause Tc is radioactive and has no stable isotope. In this report, we present molybdenum-ruthenium-carbon solid-solution
alloy (MoxRu1-xCy) nanoparticles (NPs) that are expected to have an electronic structure similar to that of technetium carbide
(TcCy). MoxRu1-xCy NPs were synthesized by annealing under a helium/hydrogen atmosphere following a thermal decompo-
sition of metal precursors. The obtained NPs had a solid-solution structure in the whole composition range. MoxRu1-xCy with
a cubic structure (down to 30 at% Mo in the metal ratio) showed a superconducting state, and the transition temperature (7Tc)
increased with increasing Mo composition. The continuous change in T. across that of TcCy indicates the continuous control
of electronic structure by solid-solution alloying, leading to pseudo-TcCy. Density functional theory (DFT) calculations indi-
cated that the synthesized Moos3Ruo.47Co.41 has a similar electronic structure to TcCo.1.

solution alloy NPs showing hydrogen adsorption properties
similar to Pd neighboring on Ag and Rh have already been
reported.!® These significant achievements strongly indi-
cate that the electronic structure, especially the density of
states (DOS) near the Fermi level (Er¥), N(Er), of the NPs

INTRODUCTION 28

Technetium (Tc), atomic number 43, is the first artifici
made element.! As Tc can only be obtained from a nucl
reactor or fission product of uranium,! the amount of p

duction of Tc is limited compared with elements presentg'
nature. In addition to this, Tc is radioactive and has no s
ble isotope. Therefore, the use of Tc is limited to diagnosii
nuclear medicine applications,? and properties of Tc and
compounds are still veiled3 despite the fact that it was d%s7
covered about 80 years ago.

Up to now, a wide variety of alloy nanoparticles (N
have been synthesized and are currently being used in v
ious applications such as catalysts.*® Recently, solid-so
tion alloy NPs whose constituent atoms are distributed
mogeneously have attracted increasing interest includi
bulk-immiscible systems because those with a desired co
position can control the electronic structure and provi
new and more advanced properties that surpass the pr
tine NPs.19-13 Qur group has already explored several solj
solution alloy NPs. For example, the formation of PdxR
solid-solution alloy NPs,1? in which Pd and Ru both nei
boring on Rh are immiscible in bulk, have a catalytic activBtQ
of nitrogen oxides reduction greater than that of Rh NPs.!
In addition, Auxlrix solid-solution alloy NPs, in which
and Ir both neighboring on Pt are immiscible in buld
showed a high oxygen reduction reaction activity compa15a3
ble to that of Pt NPs.12 As another example, AgxRh1-x solid-

would resemble closely that of the element interposed by
the two constituent elementals on the periodic table of the
elements by solid-solution alloying.!* However, these stud-
ies offer substitutes for elements present in nature whose
properties have been investigated well.

Radioactive and rare in nature, Tc undergoes a supercon-
ducting transition at a critical temperature (T¢) of 7.7 K.1*
Given that Mo and Ru both neighboring on Tc show a super-
conducting transition only below 1 K,'> Mo-Ru solid-solu-
tion alloy is a promising platform for investigating the mod-
ulation of electronic structure by solid-solution alloying
through monitoring T.. In this regard, theoretical calcula-
tions predicted that the Mo-Ru solid-solution alloy with a
1:1 molar ratio can reproduce the electronic structure of
Tc.1®6 We note that the difficulty in elucidating the chemical
and physical characteristics of radioactive Tc can be par-
tially overcome by the “artificial” Tc formed by the solid-so-
lution alloying of Mo and Ru.

Keeping in mind the presented issues, we pursued Mo-Ru

solid-solution alloy NPs that can be regarded as pseudo-Tc.
However, Mo-Ru solid-solution alloy NPs in which carbon
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atoms are included in the lattice, namely Mo-Ru-C solid-$2
lution alloy (MoxRu1-xCy) NPs, were obtained. 33

In this study, we synthesized MoxRui1-xCy over the whgl4
composition range and experimentally verified whetl®%
MoxRu1«Cy can be regarded as technetium carbide (TcGg
The distinct Tc value of cubic TcCy is 3.8 K,'7 lying betwe®1
those of cubic molybdenum carbide (MoCy: 12 K)'8 and @R
bic ruthenium carbide (RuCy: no observation). MoxRu1-39
having comparable T. with that of TcCy would have a simil
electronic structure to that of TcCy. We demonstrate the lp}
mogeneous distribution of Mo and Ru atoms in the NPs agd
the continuous change in superconducting behavior 43
manifested in Tc for the first time. DFT calculations indi4
cated that the synthesized Moos3Ruo47Co41 has a similpg

electronic structure to TcCo.1. 46
47
RESULTS AND DISCUSSION 48

Referring to our previous report,® MoxRu1-xCy (x: 0~1}g
were synthesized by thermal decomposition of mol
denum hexacarbonyl (Mo(CO)es) and/or triruthenium dol
decacarbonyl (Rus(C0O)12) in oleylamine at 330 °Cfor 2 h foR
lowed by annealing up to 800 °C under helium/hydrogiﬁ
(96/4 vol%) atmosphere. The synthetic details are
scribed in SI. The nominal amounts of precursor metal colnd
plexes and the metal composition of MoxRu1-xCy determin2@
by X-ray fluorescence (XRF) spectrometry are shown in ol
ble S1. 58
59
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Figure 1. (a) Comparison of PXRD patterns between 10 to %9
of MoxRu1-«Cy. X-ray wavelength was 0.62921(4) A. The nu®)
bers near the diffraction pattern indicate the Miller indicesof

cubic (for x = 1.0) and hexagonal (for x = 0) phases, respectivBly.

(b) Lattice constants of cubic (circles) and hexagonal (squares
and triangles) structures estimated from Le Bail refinement.

To unveil the crystal structure of MoxRu1-xCy, synchrotron
powder X-ray diffraction (PXRD) analysis was performed.
Figure 1a shows a comparison of PXRD patterns between 20
=10 and 35° of MoxRu1-xCy. The results of Le Bail refinement
are shown in Figures S1-S3. The PXRD patterns of MoxRui-
xCy in Mo-rich compositions were fitted with a cubic struc-
ture (space group: Fm3m), whereas those of Ru-rich com-
positions were fitted with a hexagonal structure (space
group: P63/mmc). The PXRD patterns of the intermediate
states (Moo37Ruo.63Cy and Moo29Ruo.71Cy) were fitted using
these two structures. The PXRD patterns of the cubic phase
are closely similar to that of the cubic MoCy among various
molybdenum carbides,!®20-21 in which carbon atoms occupy
the octahedral site of face-centered cubic (fcc) structured
metal lattice (Figure S4). Therefore, MoxRu1-xCy with a cubic
structure is considered to be a cubic metal carbide. Alt-
hough the crystallite size of the cubic component is almost
constant at around 3 nm in all the samples (Figure S5), that
of the hexagonal component decreases with increasing Mo
ratio. As shown in Figure 1b, the lattice constants of the cu-
bic and hexagonal structures increase linearly with increas-
ing Mo ratio. The linear correlation, which follows an ap-
proximate empirical rule known as Vegard’s law,22 strongly
supports the formation of the atomic-level Mo-Ru solid-so-
lution alloy over the whole composition range.

It is well known that the lattice constant of transition
metal carbides reflects the amount of carbon in their lat-
tice.2324 In this paper, the carbon amount in the lattice of
MoxRui1-xCy was estimated from lattice constants. We first
consider the case of x = 1.0, namely MoCy (lattice constant
from PXRD measurement: 4.2249 A).1 Assuming that the
amount of carbon is linearly proportional to the lattice con-
stant at a specific metal composition, the y value in MoCy
was estimated to be 0.59 from the lattice constants of ideal
fcc Mo1o (3.920 A) with closely packed Mo atoms (atomic
radius: 1.386 A)?5 and that of MoCoss1 prepared previously
(4.26647 A).18 In the case of x < 1, namely solid-solution al-
loys, the lattice constant decreases with decreasing x be-
cause of the smaller atomic radius of Ru (1.336 A)25 than
that of Mo. The carbon amounts of MoxRu1-xCy were esti-
mated in the same way as the case of x = 1.0 (e.g., 0.41 for x
= 0.53; Figure S6b), where the lattice constants of ideal
MoxRu1-x and MoxRui1-xCoss1 were calculated taking into ac-
count the metal substitution (Figure S6a; see SI for the de-
tails). Hereafter, we denote samples in cubic phase with the
carbon amount, for example, Moo.s3Ru0.47Cy is described as
Moos3Ruo.47Co.41. The change in carbon ratio toward metal
composition can be explained using thermodynamic param-
eters. The formation enthalpy of cubic MoC is negative,
whereas that of cubic RuC is positive,?¢ indicating that the
formation of MoxRu1-xCy may become enthalpy-unfavored
in Ru-rich composition. Therefore, the amount of carbon is
considered to decrease with decreasing Mo ratio. We note
that the measured lattice constant in a hexagonal close-
packed (hcp) phase is close to that of ideal hcp MoxRui-x
(Figure S7), indicating that hexagonal MoxRui-x may contain
a negligible amount of carbon atoms compared with fcc
MoxRui-x. The formation of cubic MoxRu1-xCy was also sup-
ported by X-ray absorption near-edge structure (XANES)
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spectra. Figures S8-5S14 show the XANES spectra at Mo a#d
Ru K-edges of MoxRu1-xCy. It is known that the energy of #h8
absorption edge reflects the valence of the element.?” Hed
the energy at the midpoint of the edge jump is defined as £
and the energy shift of Eo from the reference metals (Mo agq
Ru) was compared (Figure S15). The Mo K-edge XANES
spectra of MoxRu1-xCy in the cubic phase (x = 1.0, 0.87, agg
0.53) are similar to the reference MozC spectrum that

sembles that of cubic MoC.?8 Furthermore, the energy differs
ence of the cubic phase (x=1.0,0.87,and 0.53) in Mo K-e

was comparable to that of cubic MoCy (c.a. 1~2 eV),?? indiy
cating the inclusion of carbon atoms in the cubic phase. Qg
the other hand, the energy difference of the hexagong)
phase (x = 0.14 and 0) in Mo and Ru K-edge were alm

zero, indicating that MoxRu1-xCy with the hexagonal phasgjis
a metallic state. 62

(c) Mo-L

(f) Overlay

67

Figure 2. (a) Bright-field (BF) STEM image; (b) high-angle an-
nular dark-field (HAADF) STEM image; (c) Mo-L (d) Ru-L, and
(e) C-K EDX maps; and (f) overlay images of Moo.s3Ru0.47Co.41.
Scale bars are 10 nm.

To confirm the morphologies of MoxRui1-xCy, transmission
electron microscopy (TEM) observation was performed
(Figures S16-S22). Although the size of aggregates substan-
tially exceeds 100 nm, single nanosized particles were ob-
served at the edges of the aggregates in Mo-rich composi-
tion. On the other hand, each particle composing the aggre-
gates was around 10 nm in size in Ru-rich composition.G8
Ru10Cy, over 100 nm aggregates were observed. As seen j
Figure 2, scanning TEM (STEM) energy dispersive X-
spectroscopy (EDX) maps for nearly 1:1 solid-solution al
NPs, Moo:s3Ru0.47Co.41, clearly show that the Mo and Ru ato
are homogeneously distributed in NPs. The line analyses
also support the solid-solution structure (Figure S23). Th8
C-K EDX map reveals that carbon species are covering NP4
besides the carbon in the lattice, which was also confirm@8
by the electron energy loss spectroscopy (EELS) map (Fifh
ure S24). These carbon species were assigned as graphif7
like carbon by Raman spectroscopy because the G and/8
bands3? that are characteristic vibration modes of graphit9
were observed at around 1600 and 1350 cm-?, respectivegy)
as previously reported (Figure S$25).1° Similar structufdl
features, i.e., NPs with homogeneous distributions of 43
and Ru covered by graphite-like carbon were also observggd
with other metal compositions (Figures S23, S25-529). T84
synthesized NPs in the cubic phase have simiRf

morphology and crystallite size, which exclude the mor-
phology and size effects on chemical and physical proper-
ties.

To investigate physical properties, we measured the elec-
trical resistivity and magnetism at low temperatures. Figure
3a shows the temperature dependence of resistivity (p) of a
compaction pellet of Moos3Ruo.47Co41 under H = 0 kOe. A
rapid drop in resistivity started at 4.1 K with a transition
width of ca. 1.7 K. Figure 3b shows the temperature depend-
ence of magnetic susceptibility (y = M/H, where M and H are
the magnetization and applied magnetic field, respectively)
of Moos3Ruo.47Co.41 in zero-field cooling (ZFC) and field cool-
ing (FC) under H = 10 Oe. A sharp diamagnetic drop was ob-
served at 2.5 K because of the Meissner effect. The signifi-
cant superconducting volume fraction value (66%) strongly
demonstrates the existence of the bulk superconducting
state.
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Figure 3. (a) Temperature dependence of p of Moo.s3Ru0.47Co.41
at 0 Oe. (b) Temperature dependence of y of Moos3Ruo0.47Co.41 at
10 Oe (red circles: ZFC; blue circles: FC).
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Figure 4. (a) Temperature dependence of p of Moo.s3Ru0.47Co.41
under different magnetic fields. (b) Magnetic field dependence
of Hcz was estimated from the resistivity measurements. The
broken curve is fitted to He2(T) = Hc2(0)(1-(T/Tc)?).

Temperature-dependent resistivity under different mag-
netic fields was measured to evaluate the stability of super-
conductivity (Figure 4a). The data of Figure 3a are replotted
to show the variation of resistivity behavior by applying a
magnetic field. The sharp drop remains even under the
highest magnetic field of 60 kOe. Provided that a point
where the preaches 90% of that at 6.0 Kwhich is defined as
the upper critical field (Hc2(T)) at a certain temperature,
Hc2(0) was estimated to be 57 kOe by extrapolation using
He2(T) = H2(0)(1-(T/Tc)?) for a weakly coupled supercon-
ductor (Figure 4b).2931 [t is noteworthy that the estimated
Hc2(0) value lies within the Pauli paramagnetic limit field
(Hpauwi = 75 kOe) as given by the weak coupling Bardeen-
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Cooper-Schrieffer (BCS) approximation, Hpaui [T] = 1.8460
[K].32 The Ginzburg-Landau coherence length & at T = 0,
correlating with He2(0) as & = (do/2nHc2(0))'/? (do: fIHR
quantum),3? was calculated to be 7.6 nm. Given that the 53
value is greater than the separation of NPs (the separati§g
distance was estimated to be 0.3 nm; Figure S30), it is e§H
dent that the carbon species embedded with supercondu§é
ing NPs is also in a superconducting state by the proximffy

effect as observed on analogous system.3* 58
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Figure 5. (a) Isothermal magnetization curves 7off

Moo.s3Ru0.47Co41 under different temperatures with 0.1 K int§2
val. (b) Temperature dependence of Hca by magnetizatipg
measurements. A broken curve is fitted to He1(T) = He1(0)(14

(T/Te)3). 75

The isothermal magnetization curve of MoossRuo47C4Q
was measured at different temperatures to estimate t
lower critical field (Hc1). The magnetization curves are chd®
acteristic of type-II superconductors; namely, the grad
diminishment of diamagnetism above the initial flux pe
tration field (Figure 5a). Provided that the separation po
from a straight line in the magnetization curve at each te
perature is defined as Hci1, Hc1(0) was estimated to be 38 Oe
by extrapolation using a conventional equation for a weakly
coupled superconductor (Figure 5b), Ha(T) = Ha(0)(1-
(T/T:)?).2031 Using the estimated Hc1(0) value, the London
penetration depth (1(0)) was estimated to be 4.3 x 102 nm
according to the equation, Hci(T) = (¢o/4nA?)In(A/&e1).3°
Thus, the Ginzburg-Landau parameter x{0), which is de-
fined as x(0) = 4(0)/&u(0), of 57 again confirmed the type-
II superconductivity in Moo.s3Ruo.47Co.41.

The lower Tc compared with that of bulk cubic MoCy (7. =
12 K'8) may be associated with the size-induced discretiza-
tion of the energy levels.3¢ Similar size-dependent behavior
was observed in MoCy.3” The superconducting parameter
that was most affected by nano-sizing is 4(0) (4.3 x 102 nm
vs. 1.3 x 102 nm in bulk MoCy8). The increased A(0) possil@3
arises from the depression of the surface shielding curreEM
by reducing the particle size.38 35

Figure 6 displays the relationship between the Mo ragg
and onset Tc determined by magnetic susceptibility and g7
sistivity measurements in the present MoxRui-«xCy (Figi§g
S31). The Tcvalue is the highestatx = 1.0 (6.4 K)'° and gr&D
ually decreases with decreasing Mo ratio. MoxRu1-xCy witB@
< 0.3 showed no trace of superconductivity down to the
lowest measured temperature (2 K). These results indicate
that only the cubic phase shows superconductivity above 2
K, and the T. value varies continuously across that of TcCy
depending on metal composition, possibly as a consequence

of the homogeneous distribution of Mo and Ru at the atomic
level.

We performed DFT calculations to evaluate the similarity
of electronic structures between MoxRu1-xCy with nearly the
equivalent metal composition and TcCy with the same car-
bon amount. Mo17Ru15C13 (M0oo.531RU0.469C0.406) and Tc32C13
(TcCo406) were constructed as model structures (Figure
S32). The DFT calculations elucidated that the DOS profile
of Mo17Ru15C13 was very similar to that of Tcs2Ci3 (Figure 7).

According to the BCS theory, T. is correlated to N(EF) by
the following equation, ksT. = 1.14hwexp[-1/VN(Er)],
where h, @, and V are reduced Planck constant, frequency of
lattice vibration, and electron-phonon interaction, respec-
tively.3539 Assuming that @ and V are approximately invari-
ant with the Mo ratio, the increased T for the Mo-rich phase
(Figure S33) may be associated with the increased N(EF).
Three major factors depending on the composition can af-
fect N(Er); namely, (i) downshift of Er with increasing Mo
ratio, (ii) lattice expansion, and (iii) modified electronic
structure depending on the amount of carbon in the lattice.
It is apparent that the third factor has little effect on T be-
cause the partial DOS of carbon near Er is not pronounced
(Figure S34). On the other hand, the downshift of the Fermi
level by substituting Ru by Mo in cubic C increases N(EF)
within the rigid band approximation (Figure 7), which could
modify the electronic structure in the favorable direction of
increased Tcas observed. The metal substitution of Ru to Mo
also results in the increased N(Er) owing to the lattice ex-
pansion. Accordingly, we successfully demonstrated the
continuous control of N(Er), which is one of the typical phys-
ical parameters representing electronic structure, of ter-
nary solid-solution alloy NPs by changing the metal compo-
sition.
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Figure 6. Relationship between Mo ratio and Tc of MoxRu1-xCy.
Circles and triangles indicate T. estimated from magnetic and
resistivity measurements, respectively. The T. values of MoCo.59
and Moog7Ruo.13Co.60 are from ref. 19. The broken line at 3.8 K
indicates Tc of TcCy.17 The pale red and blue areas show the
composition that adopts cubic and hexagonal structures, re-
spectively.
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be 0.96 (see SI for the details). 63
CONCLUSION ot

In this report, MoxRu1-xCy solid-solution alloy NPs weg§
synthesized by annealing under a He/H: atmosphere fgh
lowing a thermal decomposition. The obtained NPs havgg
solid-solution structure over the entire composition range
MoxRu1-xCy solid-solution alloy NPs (up to 30 at% Mo in the
metal ratio) showed type-II superconductivity. Reflecting
the homogeneous distribution of Mo and Ru at the ato
level, systematic change in Tc can best be thought of a
continuous change in electronic structure across TcCy by
loying. DFT calculations indicated that Moos3Ruo.47Co.41
a similar electronic structure to TcCo.41. Namely, it is plau?'s
ble that the answer to the title of this article is partly ypg
because the N(Er), which plays a vital role in many physical
and chemical phenomena of cubic MoxRuixCy, such
transport, magnetism, and catalysis, was found to be similar

to that of isomorphous TcC;. 78
79
EXPERIMENTAL SECTION 80

Synthesis of MoxRu1-xCy. Oleylamine was evacuated undbt
2 kPaat 100 °C for 1 h to remove residual water. After pu
ing with nitrogen gas, Mo(CO)s and/or Rus3(CO)iz wi
added to oleylamine, and the solution was heated at 330
for 2 h. The product was separated by centrifugation w
hexane and acetone. Subsequently, the product was
nealed up to 800 °C under helium/hydrogen atmosph
(96/4 vol%) with a heating rate of 5 °C min-! using BELC
(Microtrac BEL). After reaching 800 °C, the sample wgg
cooled down to room temperature under helium/hydroggn
atmosphere. 92
93

Characterization of MoxRu1-xCy. The crystal structuresQuf
the NPs were determined by synchrotron PXRD measufEs
ments (A = 0.62921(4) A, scan step: 0.006°) at SPring-8
beamline BLO2B2. Le Bail refinement of the PXRD patt

was performed using TOPAS3 (Bruker AXS). XANES spec@d
were obtained in transmission mode using a Si(311) dou8
crystal monochromator at SPring-8 beamline BL14B2. 199
morphologies of NPs were observed using an HT7700 Q0
tachi) TEM operated at 100 kV. Bright-field (BF) and h

angle annular dark-field (HAADF)-STEM observatiorf

STEM-EDX mapping and line analysis, and EELS mapping
were performed using an aberration-corrected electron mi-
croscope JEM-ARM 200F (JEOL) operated at 120 kV. Raman
scattering measurements were performed with an NRS-
5100 Raman spectrometer (JASCO) with a 532 nm excita-
tion laser.

Evaluation of superconductivity. Magnetic susceptibility
measurements were performed by an MPMS-XL supercon-
ducting quantum interference device magnetometer (Quan-
tum Design). Plastic wrap and straw were used as sample
holders. After the sample was cooled to 2 K, a magnetic field
of 10 Oe was applied. The temperature was swept between
2 Kand 8 K in ZFC and FC measurements. For the magneti-
zation process measurements, the magnetic field was ap-
plied after the sample was cooled to the measuring temper-
ature. The present data are shown after subtracting the con-
tribution of straw and wrap used as sample holders. The DC
resistivity in the temperature range from room tempera-
ture to 2.0 K was measured with a four-probe method using
a physical properties measurement system (PPMS, Quan-
tum Design) to measure T. and Hc2. A compressed pellet
with 2.5 mm in diameter was made by pressing the powder
sample at 1 GPa for 10 min. Gold wires 15 pm in diameter
were attached to the compressed pellet with carbon paste
as electrodes.
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