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We report the detailed crystal structures and physical properties of Ru;_,Mo, alloys in the solid solution range of
x =0.1-0.9. Structure characterizations indicate that the crystal structure changes from the hcp-Mg-type, to -CrFe-
type, and then bce-W-type. The measurements of physical properties show that the Ru;_Mo, samples with x > 0.2
are superconductors and the superconducting transition temperature 7 as a function of Mo content exhibits a dome-like

behavior.
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1. Introduction

The spin—orbit coupling (SOC) effect originates from
the interaction between electron’s spin and orbit degrees of
freedom, and it has been widely studied in condensed mat-
ter physics, especially in the field of topological physics.
The SOC effect can lift the degeneracy of electronic band
structure and plays a critical role in exploring different topo-
logical states, such as topological insulators and topological
semimetals.!'=3! In addition, the SOC effect also has an in-
fluence on the superconducting materials and can induce un-
conventional superconductivity. For example, in quasi-two-
dimensional or noncentrosymmetric superconductors it can
promote and stabilize superconductivity,*! allow the mixture
of spin-singlet and spin-triplet pairing,®! or even increase su-
perconducting transition temperature T¢.!®! Thus, it is promis-
ing to discover novel superconductors with unconventional
properties in the materials with strong SOC effect.

It is well known that the atomic SOC is proportional to Z*,
where Z is the nuclear charge number, and thus increases with
the increase of Z quickly. Compared to 3d transition metal
compounds, the 4d and 5d transition metal compounds ex-
hibit significant advantages, especially 5d compounds. For in-
stance, compared with 4d elements Pd, the larger Z value of 5d
element Pt makes LioPt3B exhibit a mixed pairing state of spin
singlet and spin triplet, while Li,Pd3;B with the same structure
does not show similar characteristics.”! Furthermore, many
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noncentrosymmetric superconductors with strong SOC effect,
such as BiPd, YPtBi and PbTaSe;, have been extensively in-
vestigated as candidates of topological superconductors. 310l

On the other hand, because of their relatively high 7. and
specially structural properties, some compound superconduc-
tors consisting of 4d element Mo have attracted much atten-
tion, such as MoC (the highest T. = 14.3 K) and Re;_, Mo,
(0 < x < 1) (T, = 3-12 K) with relatively high 7¢,!'!l non-
centrosymmetric superconductors Mo3zAl,C (7, = 9.4 K) and
Mo3RhyN (T, = 4.3 K),[!>13] possible unconventional super-
conductor MogGay (T, = 9.8 K),["*] as well as Mo3Sby (T, =
2.3 K) with possible coexistence of superconductivity and spin
fluctuations.!'>! By studying the specific heat of Mo and some
Mo-based compounds, Morin and Maita found that d electrons
play a very important role in Mo-based superconductors. 6!
Theoretical studies also suggest that phonon-induced d—d elec-
tron coupling has a certain influence on the 7 of the transition
metal.['7]

Motivated by these studies, we carried out a detailed in-
vestigation on the series of Ru;_,Mo, (x = 0.1-0.9) alloys.
Although the superconductivity of some Ru;_,Mo, alloys has

been reported in the literature,[!5-1%]

a systematic study of
physical properties for the whole series of Ruj_ Mo, (x=0.1—
0.9) is still lacking. The present work provides a detailed su-
perconducting phase diagram in the solid solution range of
Ru;_yMo, (x = 0.1-0.9) and the detailed physical properties

of Rugp sMog 5 with T about 9.71 K.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experimental details

Ru;_ Mo, (x = 0.1-0.9) polycrystals were synthesized
by the arc-melting method in the high-purity argon atmo-
sphere. Powders of pure Mo (99.9%) and Ru (99.9%) were
mixed with different stoichiometric ratios using a mortar and
then pressed into pellets. The arc-melted buttons were flipped
over and remelted several times to improve the homogene-
ity of samples. The weight losses during arc melting were
negligible for all samples. The as-cast ingots were used in
this study without undergoing a further annealing process.
The chemical compositions of samples were characterized by
energy-dispersive x-ray spectroscopy (EDX). Crystal structure
and phase purity were examined by powder x-ray diffraction
pattern (PXRD) with Cu K, radiation (A = 0.15418 nm) us-
ing a Bruker D8 x-ray diffractometer. The lattice parameters
were extracted by fitting the PXRD pattern using the TOPAS4
software.?%] Electrical transport and specific heat measure-
ments were performed using a Quantum Design PPMS-14T.
Magnetization measurements were carried out using a Quan-
tum Design MPMS3.

3. Results and discussion

Figure 1(a) shows the actual Mo concentration xgpx de-
termined by EDX measurement on the polished samples as
a function of the nominal value x,,y,. It can be seen that
there is a linear relationship between x,om and xgpx, suggest-

ing that the actual Mo concentration in Ru;_,Moy (x = 0.1-

0.9) is close to the nominal one and the Ru—Mo binary sys-
tem can form a continuous solid solution in the whole range.
Thus, xgpx (denoted as x) will be used for the following dis-
cussion. Figures 1(b)—1(d) show three typical PXRD patterns
and crystal structures (insets) of Ru;_,Mo, (x = 0.5, 0.6 and
0.9). No extra diffraction peaks are detected, indicating high
quality of the samples. On the Ru-rich side, Ru;_Mo, has a
hexagonal close packing Mg (hcp-Mg) type structure (space
group P63 /mmc). The results of XRD refinement confirm that
all the samples with 0 < x < 0.5 exhibit hcp-Mg-type struc-
ture. When 0.5 < x < 0.7, the samples exhibit the tetragonal
B-CrFe (space group P4,/mnm) and body-centered-cubic W
(bce-W) type (space group Im-3m) structures, mixed with the
hcp-Mg-type structure. It suggests that there is a phase sep-
aration within this composition range. Further increasing the
content of Mo, the structure of Ru;_,Mo, changes to the bcc-
W-type completely. Figure 1(e) shows the fitted lattice param-
eters obtained from the Rietveld refinement. On the Ru-rich
side, both a- and c-axial lattice parameters increase slightly
with increasing x. For the B-CrFe-type Ru;_Mo,, a- and
c-axial values show nonmonotonic changes. On the Mo-rich
side, the a-axial value of bcc-W-type structure increases grad-
ually again with increasing x. These results are consistent with
the larger atomic radius of Mo than that of Ru in principle.
Figure 2(a) shows the temperature dependence of zero-
field electrical resistivity p(T) for Ru;_Mo, (x = 0.1-0.9)
from 2 K to 300 K. All samples exhibit a metallic behavior
and the room-temperature resistivity psoo xk as a function of x
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Fig. 1. (a) Relationship between the nominal concentration of Mo xy0m and the actual one xgpx determined by EDX in Ru;_ Mo, (x =0.1-0.9)
polycrystals. (b)—(d) Room-temperature PXRD patterns and refinements for Rug sMog s, Rug4Mog ¢ and Rug 1Moy 9, respectively. (e) The

lattice parameters a and ¢ as a function of Mo content in Ru;_,Mo,.
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Fig. 2. (a) Temperature dependence of electrical resistivity p(7') for Ruj_ Moy (x = 0.1-0.9) polycrystals at zero field. (b) p3go k as a function
of x. (¢) The p(T) of RugsMog s polycrystal at zero field. Inset: enlarged view of the fit in the range of 2-50 K. The blue solid lines represent
the fits using the formula p(T') = po +AT?>. (d) Enlarged view of p(T) below T = 11 K. (¢) Temperature dependence of magnetic susceptibility
47y (T) measured at I mT with ZFC and FC modes. (f) The magnetization hysteresis loop measured at 7 = 1.8 K for the sample with x = 0.5.

The color code in all figures except (b) is the same.

is summarized in Fig. 2(b). For the sample with x < 0.5, the
P300 K increases gradually with increasing Mo concentration,
but with further increasing the content of Mo (x > 0.6), the
P300 K Starts to decrease. It implies that the electron—phonon
scattering may be strongest when x is close to 0.6. When the
temperature is below 50 K, the p(T') curves for all samples can
be fitted well by using the formula p(T) = p +AT?, where py
is the residual resistivity, and A is the coefficient of electron—
electron scattering. The example of RupsMog 5 is shown in
Fig. 2(c). It implies that the dominant scattering mechanisms
at low-temperature region are electron—electron and electron—
impurity ones, and the Ru;_,Mo, system exhibits a Fermi lig-
uid behavior in this temperature range.

Figure 2(d) shows the enlarged view of p(7T) data at
T <11 K and all samples with x > 0.3 exhibit obvious super-
conducting transitions. The onset superconducting transition
temperature 72" determined as the temperature at which the
resistivity starts to decrease exhibits a non-monotonic varia-
tion with x and reaches a maximum value of 9.71 K for the
single-phase sample with x = 0.5. The bulk superconductiv-
ity in Ruj_, Mo, (x = 0.1-0.9) is confirmed by magnetization
measurements. As shown in Fig. 2(e), a clear diamagnetic sig-
nal in magnetic susceptibility 47y (T) curves can be observed
for the samples with x > 0.3. The T.°"s are also consistent
with those obtained from the resistivity measurements. For
the sample with x = 0.2, there is a weak drop near 2.10 K,
suggesting that there is a superconducting transition at lower
temperature beyond the present measuring range. In addi-
tion, for the samples with x = 0.6 and 0.7, the 47 (T) curves
show a behavior of two-step transition, which can be ascribed

to the coexistence of two superconducting phases as shown
in Fig. 1(e).
perconducting volume fractions estimated from the zero-field-
cooling (ZFC) 4my (T) curves at T = 2 K exceed 100%, indi-
cating the bulk superconductivity for the samples with x > 0.3.

Without demagnetization corrections, the su-

For all superconducting samples, they show a bifurcation be-
havior of ZFC and field-cooling (FC) 47wy (T) curves due to
the flux pinning effect, which is a typical feature of type-II
superconductors. The type-II superconductivity is further con-
firmed by the magnetic hysteresis loops measured at 1.8 K and
Fig. 2(g) shows an example for the sample with x = 0.5.

To gain further insight into the superconducting proper-
ties of Ru;_,Mo,, we carried out comprehensive characteriza-
tions for the x = 0.5 sample which is pure and has the opti-
mal 7, among the single-phase samples. Figure 3(a) shows the
temperature dependence of p(7T') at various fields up to 11 T.
The T. is gradually suppressed to the lower temperature but
the width of superconducting transition only increases slightly,
implying the weak flux pinning effect in RugsMogs. Fig-
ure 3(b) shows the upper critical field uoHc (T') corresponding
to the temperatures where the resistivity drops to 50% of the
normal state resistivity just above the onset of superconductiv-
ity transition. The toHc,(T') curve can be well fitted by using
the Werthamer—Helfand—Hohenberg (WHH) equation without
considering the effects of Pauli spin paramagnetism and spin—
orbit interaction.?!! The fitted zero-temperature upper critical
field uoH(0) is 9.856(7) T and this value is much smaller
than the Pauli limited field uoHY, (0) = 1.84T, = 17.866 T, in-
dicating that the orbital pairing-broken mechanism is domi-
nant in Rugp sMoyg 5.
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Fig. 3. (a) The p(T) as a function of temperature at various fields for Rug sMog 5. (b) Temperature dependence of toHc (T). The green solid
line represents the fit using the WHH formula. (c) Low-field dependence of magnetization 4wM (uoH ) at various temperatures below ;. The
pink solid line represents the Meissner line. (d) toHc (T) as a function of 7'/T;.. The red line represents the fit using the G-L equation.

Figure 3(c) exhibits the low-field dependence of mag-
netization 4wM (UoH) at various temperatures below T for
RupsMogs. When the field is smaller than the lower crit-
ical field ugH.;, the sample is in the Meissner state and
the 4wM(uoH) curve is expected to be linear with slope
4nM/H = —1 (“Meissner line”). For ugH > UoH., magnetic
flux starts to penetrate into the sample and the magnetization
curve begins to deviate from the linearly field-dependent be-
havior. In order to estimate the toH.(T) accurately, the ef-
fective field poH.s is calculated using the formula pgHeg =
UoH — NgM, where Ny is the demagnetization factor. The es-
timated Ny is 0.074 by using the geometry size of the rectan-
gular sample. The poH,|(T) determined by the above method
as a function of temperature is presented in Fig. 3(d). The
temperature dependence of toH, (T) can be well fitted by the
Ginzburg-Landau (G-L) equation toHc(T) = uoHc1(0)[1 —
(T /T.)?], where poH.(0) is the value of poH;; at zero tem-
perature. The fit gives toH. (0) = 23.25(6) mT. By using the
following two formulas:

$o 2
= _— HC =
oL (27[“0}102(0) » HoHcl 47751(2;1“

1

o In AcL

=

where ¢y is the magnetic flux quantum (h/(2¢) = 2.07 x
10~15 Wb), the derived G-L coherence length &gp. and pen-
etration depth Agp are 5.782(2) nm and 152.22(3) nm, re-
spectively. Correspondingly, the calculated G-L parameter
KoL = AcL/EcL = 26.33(4), confirming the type-II super-
conductivity in RugsMog 5. The zero-temperature thermody-
namic critical field uoH;(0) is estimated to be 295(5) mT using
the formula poH, (0) = [toHe1 (0)poHe (0)/In kg ] /2.

The bulk superconductivity of RugsMog s is also con-
firmed by the specific heat measurement shown in Fig. 4(a).
The thermodynamic 72" defined as the temperature at which
Cp begins to jump is 9.71 K, close to the values obtained
from the p(T') and x(T) curves. Furthermore, with increasing
field, the specific-heat jump gradually shifts to lower temper-
atures and when poH > 10 T, no superconducting transition
can be observed at T > 2 K, consistent with the p(7) mea-
surement. Figure 4(b) shows the enlarged view of C,/T curve
at UoH = 12 T. In order to obtain the electronic specific heat
coefficient ¥ and Debye temperatures ®p, the curves are fit-
ted using the equation Cp(T)/T = y+ BT>. The extracted y
is 4.53(4) mJ-mol~"-K~2 and B is 0.0355(8) mJ-mol~!-K~*.
Furthermore, the calculated ®p is 380(4) K by using the for-
mula @p = (127*NR/5B)'/3, where N (= 1) is the num-
ber of atoms per formula unit and R (= 8.314 J-mol~!.K~1)
According to the McMillan for-
mula for electron—-phonon-mediated superconductivity,*?! the

is the ideal gas constant.

electron—phonon coupling constant A._p, can be determined
by the formula

1.04+pu ln<1.45TC>

Ae—ph = : M
©p ) —1.04

(1-0.62u*)In (1.45TC

where p* = 0.13 is the common value for Coulomb pseudopo-
tential. Using the above values of 72" and @p, the estimated
Ae_ph is 0.738(3), indicating that RuysMog 5 is a weakly or
moderately coupled superconductor. Figure 4(c) shows the
temperature dependence of electronic specific heat C, obtained
by subtracting the phonon contribution from the total specific
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heat. The estimated specific heat jump AC.(T)/(yT2™) of
RugsMog s is 1.06, slightly smaller than the BCS value of
1.43. Furthermore, we find that the normalized electronic
specific heat C./(yT) as a function of the reduced tempera-
ture 7' /T2" can be well fitted with the equation C./(yT) =
ae PT"YT  where a is a temperature-independent constant.
The result gives a = 7.75(5) and b = 0.948(4).
A(0) &~ 1.22b, where A(0) is the zero-temperature supercon-
ducting gap,?*! we obtain 2A(0)/(kT.) = 2.313(9), which is
smaller than the BCS value of 3.52. It suggests a weakly cou-

By using

pled superconductivity in Rug sMog 5. All physical parameters
of RupsMog 5 are summarized in Table 1. Figure 4(d) shows

12
FR (a) Rug sMog 5
|
<
L
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g
ay
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the zero-field electronic specific heat plotted as C/(yT¢) for
all Ru;_ Mo, samples (x = 0.1-0.9) at the low temperature re-
gion. A clear specific heat jump can be observed in all samples
with x > 0.3, confirming the bulk nature of superconductivity
in Ru;_,Mo, (x = 0.3-0.9). In addition, there are two jumps
for the samples with x = 0.6 and 0.7, indicating the existence
of phase separation in this composition range. Using the sim-
ilar analysis procedure to that for Rug sMoy s, the relevant su-
perconducting thermodynamic parameters are summarized in
Table 2. It can be seen that in the whole range of x, Ru;_,Mo,
should be weakly or moderately coupled BCS superconduc-

tors.
8
2 (b)
M 7L e Dataat 12T
T — Linear fit
o]
g
oy
E
&~
=
O

Fig. 4. (a) The C,/T vs. T2 at various fields for RugsMogs. (b) Gp/T vs. T? at HoH = 12 T. The red solid line represents the linear fit
using the equation C,(7T)/T = y+ BT2. (c) Temperature dependence of electronic specific heat plotted as Ce /(YT vs. T /To™ at zero field.

The solid line represents the fitting result using the formula Ce /(yT) = ae Y™/ (d) Temperature dependence of C, /(yT) at zero field for

Ru;_,Moy (x = 0.1-0.9).

Table 1. Physical parameters of RugsMogs at superconducting and
normal states.

Parameter Unit Value
7’;}0“58[ K 971
UoHc1(0) mT 23.25(6)
HoHc2(0) T 9.856(7)
HoH:(0) T 0.295(5)
gGL nm 5.782(2)
AGL nm 152.22(3)
KGL - 26.33(4)
y mJ-mol~!1.K~2 4.53(4)
Gp K 380(4)
ACC/(,},Tconset) _ 1.06
Ae—ph - 0.738(3)
2A(0)/ (kg T"se) - 2.313(9)

Based on the above experimental data, the superconduct-

ing phase diagram of the Ru;_,Mo, as a function of the Mo
concentration is shown in Fig. 5(a). The 7 values determined
from resistivity, magnetization and specific heat measurements

are consistent with each other. It can be seen that with the in-
crease of Mo concentration, the 7; changes nonmonotonically.
When x < 0.5, the T; gradually increases with the increase
of Mo content. With further increasing x larger than 0.7, the
T. decreases rapidly. For transition metals, an empirical rule
proposed by Matthias exists between 7. and the average num-
ber of valence electrons per atom n, 18 e the T, is expected
to exhibit two maxima at n close to 5 and 7. Such behavior
might be related to the unique shape of the density of states
N(E), which exhibits sharp peaks corresponding to these elec-
tron numbers.>*! For the series of Ru;_, Moy, the n increases
from 6 for pure Ru to 8 for pure Mo, and for x = 0.5, this value
is 7. Thus, the dome-like behavior of 7; can be explained well
by this rule. We have also calculated the Kadowaki—Woods ra-
tio 0 = A/y? using the fitted A and ¥ for resistivity and specific

heat measurements'??! and the values are listed in Table 2. A
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comparison of our results with those of previous systems!%6]

is also illustrated in Fig. 5(b). It can be seen that the values
of Ru;_,Mo, series are higher than those of transition metals
(orm ~ 0.4 uQ-cm-mol?-K?-J=2). Notably, the values for the
samples with x = 0.5, 0.6, and 0.7 are close to those of heavy

fermion materials (opp ~ 10 pQ-cm-mol?-K2-J~2). It suggests
that there may be a strong electron—electron correlation effect
in Ru;_,Mo, system when x is close to 0.5. However further
experimental and theoretical studies are needed to confirm this
effect in the future.

Table 2. Physical parameters of Ruj_,Mo, (x = 0.1-0.9).

A =A
X T (K) ! p O (K)  ACe/(YI™) Ao py o =AY
(mJ-mol~"K=%) (mJ-mol~'-K~%) (1Q-cm-K2)  (uQ-cm-mol?-K2.J-2)
0.1 - 3.17(2) 0.0070(1) 652(3) - - 0.36(2)x 10~ 3.6(2)
0.2 — 3.24(1) 0.01521(3) 503(7) - - 0.13(1)x10~* 1.2(1)
0.3 3.78 3.05(2) 0.0144(9) 513(11) 1.06 0.520(2) 0.37(4)x 10~ 4.0(4)
0.4 9.37 3.86(5) 0.0110(8) 561(14) 0.62 0.640(5) 0.15(3)x 10~* 1.0(2)
0.5 9.71 4.53(4) 0.0355(8) 380(4) 1.06 0.738(3) 2.47(4)x10~* 12.0(2)
0.6 10.21 3.87(6) 0.037(3) 375(10) - 0.756(8) 2.2(2)x10~* 15(1)
0.7 9.85 2.70(4) 0.0508(3) 337(1) - 0.778(1)  1.50(6) % 10~ 21(1)
0.8 5.91 4.04(3) 0.033(1) 389(4) 0.88 0.622(2)  1.00(7)x 10~* 6.1(4)
0.9 5.62 3.35(3) 0.020(1) 460(8) 0.33 0.586(3) 0.53(2)x10~* 4.7(2)
103 =
10 | (a) | (b) UBeys
CeCug P
—o—p(T) 101k oL * CeCu,Siy L
L & r,RuO, L i
8 —o— M(T) \ '& B Na,,Co0, ® Cc%iﬁvzol UPt;, ~ -
— —A—C / < —1l P
é 6 »(D) / X g 10 T1,Ba, CuO, UAL,
Fj C}o e La,,Sr,;Cu0, S #RD:Cy 7
s . -3 r,RuO LY < e Ru;_,Mo,
4 hep-Mg | Mixed bee-W = 10 Rug4Mogs &80 Mo, .. ~ L] He;vy fermions
) -type phase -type < - Rug;Moy, Ruu?ﬁm’ﬁgy ¢ Organics
;’4 10-5 Ruy, Mo, o Palll : %‘raﬁsition metals
2F - Ry, 0,1 P xides
: u“Mooy/I‘;{:tM\lRumMnnx — OHF
h—~ B < Os  RuggMogy - —omM
0 1 1 1 " 1 1077 ad /I 1 1 1
0 0.2 0.4 0.6 0.8 1.0 100 10! 102 103 104

x in Ru;_,Mo,

~ (mJ-mol~1.K—2)

Fig. 5. (a) Superconducting phase diagram of the Ruj_Mo,. (b) Kadowaki-Woods plot for various superconductors. The red solid line
represents opr = 10 uQ-cm-mol?-K2-J=2 and the green dashed line represents oty = 0.4 uQ-cm-mol?-K?.J =2,

4. Conclusion

In summary, we successfully synthesized a series of
Ru;_, Moy (x = 0.1-0.9) alloys using the arc-melting method.
There are three different structures existing in Ru;_,Mo, al-
loys, including hcp-Mg-type, B-CrFe-type and W-type struc-
tures. Systematic physical property measurements show that
the Ru; Mo, samples with x > 0.2 exhibit superconductivity
with 7; above 2 K and they are type-II weakly or moderately
coupled BCS superconductors. Interestingly, there is a dome-
like superconducting phase diagram. This behavior is consis-
tent with the Matthias rule that the T; is expected to exhibit
two maxima at n close to 5 and 7.
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