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We report the microwave synthesis and the doping effect of Mo3_,Re,Al,C (0 < x < 0.3) superconductor. Re dop-
ing into Mo3Al,C results in a regular shrinkage of the lattice, marked by the linear decrease of lattice parameter a from
6.868(1) A (for Mo3AL,C) to 6.846(2) A (for Mo, 7Req3ALC). Upon Re doping, 7. of Mos_,Re,Al,C first increases
and then decreases, with the maximum 7; = 9.14 K at the optimal doping level of x = 0.09. Our report provides a con-
venient method to synthesize Mo3_,Re,Al,C within minutes, and also marks the first Re doping study with enhanced
superconductivity on the non-centrosymmetric superconductor Moz Al,C.

Keywords: Mos_,Re,Al,C, superconductivity, §-Mn structure, microwave synthesis

PACS: 74.25.—q, 74.62.Dh, 74.70.Wz, 81.20.-n

1. Introduction

The crystal structure of non-centrosymmetric supercon-
ductors has the potential to realize unconventional supercon-
ductivity, and has attracted much attention in recent years.'!3!
The Cooper pair wave function of superconductor is formed by
two parts: the orbit (i.e., s-, p-, or d-wave) and the spin (sin-
gle or triplet) parts. In a non-centrosymmetric superconductor
where space inversion symmetry is broken, the wave function
could result in the mixing of spin singlet and spin triplet.!!4]
In 2004, a heavy fermion superconductor CePt3Si with a non-
centrosymmetric crystal structure was reported to demonstrate
intriguing physical properties, such as the extraordinarily large
upper critical field and line nodes in the superconducting gap,
which led to an upsurge of research on non-centrosymmetric
superconductors,®! such as CeRh3Si, ! CelrSi3, ! Ulr,¥! and
AszMosAs;z (A = K, Rb, Cs).[P-11]

In 1963, Jeitschko et al. reported several compounds of
the M3AlL,C (M = Mo, Nb, Ta, V, Ti) type, and discovered
a new non-centrosymmetric superconductor Mo3 Al,C which
has a B-Mn type structure.!'?! Since then, a series of super-
conductors of the same structural family, such as Li,Pt3B,
CryRe;B, 131 RhyMosN, B4 Cu,Pt;B, 1131 AL, W5 C, 10 and
Mg>Rh3P!7! have been discovered one after another. Among

DOI: 10.1088/1674-1056/abtb5a

them, Mo3 Al,C marks the highest superconducting transition
temperature (7;) ~ 9 K.

In the B-Mn type superconductors, doping has been
a powerful way to modulate the structure, as well as the

superconducting properties. A prominent example is the

Liy(Pd;_,Pt,)3B system with a space group of P4332.[18-21]
Being a conventional Bardeen—Cooper—Schrieffer (BCS) su-
perconductor on the Li;Pd3;B side, the system gradually trans-
forms into a spin triplet on the Li;Pt3B side, together with
dramatic changes in the band and gap structures.!?>"] The
enhancement of spin—orbit coupling (SOC) by the substitution
of 4d-Pd to the 5d-Pt plays an important role.

Despite Mo3Al,C has a relatively high 7. and unconven-
tional superconductivity, and shares a quite similar geomet-
ric configuration with Liy(Pd;_,Pt,)3B, research in depth is
to a large extent limited due to the difficulty of synthesis.
Currently, Mo3Al,C synthesis methods include arc-melting
method, high pressure synthesis method, hot pressing method,
and spark plasma sintering (SPS) method. 1826281 Arc-melted
samples contain many impurity phases such as Mo,C and
MosAlg. The other three methods require special equipment
and are resource-consuming. As a result, the doping effect
of Mo3Al,C has not been extensively studied. Recently, Ra-
machandran et al. reported the evolutions of lattice parameters
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and T; for Mos_,Nb,AlL,C (0 < x < 0.25) and Mo3_,Ru,Al,C
(0 <x <£0.15) systems. Their results suggested that the su-
perconductivity in Mo3Al,C was quickly suppressed with in-
creasing content of Nb and Ru.?’! In this paper, to further
understand the physical properties of Moz Al,C, we choose to
dope Re into the Mo sites in Moz AlL,C. As Re possesses one
more valence electron compared to Mo, it is expected to intro-
duce electrons into the system, which may modify the band
structure as well as the physical properties. Moreover, we
present a convenient method to synthesize Mo3Al,C for the
first time. By applying the microwave method,*°! polycrys-
talline Mos_Re,Al,C (0 < x < 0.3) samples were success-
fully obtained. We also report the systematic study of Re dop-
ing effect in Mo3Al,C for the first time. Upon Re doping, the
lattice shrinks monotonously, while 7 first increases and then
decreases.

2. Experiment

Molybdenum powder (99.9%), rhenium powder
(99.99%), aluminum powder (99.97%), and graphite sheet
(99%) were obtained from Alfa Aesar. The starting materials
were mixed in the Mo/Re/Al/C molar ratio of (3 —x):x:2:1
(the total mass of the sample was approximately 0.80 g),
pressed into a pellet, and loaded into an alumina crucible
(3 mL). All the above manipulations were carried out in an ar-
gon filled glove box (content of Oy < 0.01 ppm). The crucible
was buried in 3 g carbon black in a lager alumina crucible,
and then shielded with another crucible to prevent the carbon
black from splashing. The assembly was sintered in a domes-
tic microwave oven at a power of 1000 W for 3 min. Our
assembly resembled the one illustrated in Ref. [31] with some
minor modifications. Likewise, the carbon black was directly
contacted with air. This method is effective since the carbon
black will generate a protective atmosphere at high tempera-
ture. The final products were dark grey, hard, and stable in
air.

Crystal structure of the synthesized polycrystalline sam-
ple was examined at room temperature using a PAN-analytical
x-ray diffractometer with Cu-K, radiation. The magnetic
properties of the samples were measured on the magnetic
property measurement system (MPMS) of Quantum Design.
The instrument uses a superconducting quantum interference
device (SQUID) to measure the magnetic field and magneti-
zation. The magnetic susceptibility of the samples was de-
termined in the temperature range of 4 K to 12 K under an
applied magnetic field of 10 Oe. The electrical resistivity was
measured using a conventional dc four-probe method with a
measuring current of 1 mA in the temperature range between
4 K and 300 K, using a physical property measurement sys-
tem (PPMS, Quantum Design). The specific heat was also

measured on PPMS, using a time-relaxation method between
4 K and 20 K under zero magnetic field.

3. Results and discussion

Figure 1(a) displays the powder x-ray diffraction (PXRD)
patterns of the synthesized samples of Mos_,Re,Al,C (0 <
x <0.3). The main diffraction peaks can be indexed with a cu-
bic unit cell of f-Mn type Mo3Al,C with the space group of
P4,32 (No. 213), and are in good agreement with the reference
pattern for Moz Al,C.1182728] The residual minor peaks come
from a small amount of impurity phase, which is identified as
a-Mo;,C. According to the Rietveld refinement of each sam-
ple, there is about 10%—15% (by weight) of &-Mo,C as the
impurity. As the Re doping content increases, the lattice pa-
rameter a shrinks regularly, which is clearly evidenced by the
shift of the (310) peak position toward higher 26 values (see
Fig. 1(b)). Figure 1(d) shows the evolution of lattice parame-
ter a upon Re concentration. The lattice parameter a gradually
decreases from 6.868(1) A (for Moz Al,C) to 6.846(2) A (for
Mo, 7Reg 3Al>C), showing a linear decrease upon Re doping.
This is consistent with the Vegard’s law since Re has a smaller
atomic radius than Mo.?3 The result indicates a successful
doping of Re into the Mo sites in Moz Al,C. It should be men-
tioned that samples with higher Re doping levels (x > 0.3)
were also synthesized. However, impurities such as o-Mo,C
and MosAlg became dominant phases, and the lattice param-
eter a for the Mos_,Re,Al,C phase did not show a regular
change. Therefore, the doping limit for Moz _,Re,Al,C in our
research was around x = 0.3.

It should be emphasized that the phase purity of our sam-
ple is comparable with Mo3 Al,C made by hot pressing method
and spark plasma sintering method. Yet the microwave method
described here is far more convenient and resource-saving by
a synthesis process within minutes.

The relationship between the resistivity and temperature
of the Mos_,Re,Al,C (0 < x <0.3) sample is shown in Fig. 2.
Each curve has been normalized by its value at 250 K for a
clear presentation. The temperature dependence of the resis-
tivity shows typical metallic behavior, the resistivity decreases
with decreasing temperature. Nevertheless, the residual resis-
tivity ratio (RRR) for each sample is small, suggesting the re-
sistivity of Mos_,Re,Al,C is not sensitive to temperature. It
should be noted that this kind of temperature dependence of re-
sistivity is intrinsic to Mo3zAl,C, and is not due to the impurity
or grain boundary scattering, as demonstrated in high quality,
compact samples made by the SPS method.?%2! Small values
of RRR were also observed in the isostructural superconduc-
tor RhyMo3N#! and Al W5C, 1 implying this phenomenon
might be common in the $-Mn type carbides and nitrides.
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Fig. 1. (a) Powder XRD diffraction pattern of Moz_,Re,Al,C (0 < x < 0.3), where the diamond symbol marks the Mo, C phase. (b) Expanded
view of the (310) peak in Mos_,Re,Al,C (0 < x < 0.3). (c) Three-dimensional crystal structure of Mo3Al,C, produced using the VESTA
software.3?! The yellow balls represent Mo/Re atoms, and the light blue balls represent Al atoms. The black line indicates a unit cell. (d)

Evolution of lattice parameter a upon doping.

Resistivity for each sample shows a drop to zero at low
temperature, indicating the occurrence of superconductivity.
The inset of Fig. 2 is an enlarged view of the superconduct-
ing transition. We take the midpoint of the transition as the
superconducting transition temperature 7.. From the figure, it
can be seen that the undoped compound Mo3Al,C becomes
superconducting below 9.00 K. Upon doping, the critical tem-
perature T starts to increase with Re doping and reaches a
maximum of 9.14 K at x = 0.09, then T; rapidly decreases and
drops below 8.41 K at x =0.3.
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Fig. 2. Normalized resistivity of the Mos_,Re,Al,C (0 <x < 0.3) sam-

ples changing with temperature. The inset is an enlarged view near the

superconducting transitions.

150 200

Figure 3 shows the magnetic susceptibility of the
Mos_,Re,Al,C (0 < x <0.3) doped samples under an applied
magnetic field of 10 Oe. The measurements were carried out
on warming after zero-field cooling (ZFC process) and then
on cooling in a field (FC process). The magnetic susceptibility

data exhibit marked drops, in both ZFC and FC processes, sug-
gesting the occurrence of superconductivity. A small amount
of Re doping (x < 0.09) at the Mo site can improve the su-
perconductivity of the sample. But as the doping amount fur-
ther increases, the superconducting transition temperature T
of the sample begins to decrease. For each sample, T; ob-
tained from the magnetic measurement is consistent with T
from the resistivity measurement. For all these samples, the
diamagnetic signals in FC curves are significantly smaller than
those in the ZFC runs, indicating a strong pinning effect in
Mos_,Re,Al,C. Unlike the Nb or Ru doping in Moz Al,C,[*°]
where the superconducting volume fraction (SVF) was quickly
suppressed, all the samples of Mos_,Re,Al,C show strong
diamagnetic signals, validating the bulk superconductivity.

0 L
—0.05F Mos_z;Re;AlLC
——x=0
~ —0.10} .
3 —— 2z =0.06
5 —0.15F e 0.09
S ——x=0.15
= o020} o
——2x=0.30
025 F e
—0.30 —4 L . - N

T (K)
Fig. 3. Magnetic susceptibility of Mo3_,Re,Al,C (0 < x < 0.3) sam-
ples under an applied 10 Oe magnetic field.
It is worth noting that the o-Mo,C impurity is also a
superconductor. However, 7. of a-Mo,C is not higher than
4.5 K.[3* Therefore, the impurity phase in the samples does
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not affect the conclusions from the resistivity and magnetiza-
tion measurements.

Figure 4(a) shows the T2 dependence of specific heat G
for Mos_,Re,AlL,C at H = 0. The normal state data can be
fitted with Debye model: Cp/T = Y+ BT?, where y and 3 are
coefficients related to the electron and phonon contributions to

117 Debye temperature can

1/3
thus be obtained by Op = (%) , in which N is the num-
ber of atoms per formula, and R is the ideal gas constant. For

the total specific heat, respectively.

each sample, the clear anomaly in the G, curve indicates the
superconducting transition. Accordingly, the electron—phonon
coupling strength A, can be estimated from the McMillan’s
relation

1.04 + u*In (@p /1.45T;)
(1-0.621*)In(Op/1.45T.) — 1.04’

Aep:

where p* is the Coulomb repulsion constant. In our study,
we take u* = 0.13. We further estimate the density of states
(DOS) at the Fermi level by N(Er) = 3y/[m%k3 (1 + Aep)]-

v 9.6
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Fig. 4. (a) Low temperature heat capacity of Moz_,Re,Al,C (0 < x < 0.3) under zero magnetic field. The normal state data is fitted with
G/T =7+ BT?, shown as the dash lines. (b)—(d) Evolution of T, ¥, and Aep respectively upon Re doping content x. T¢ is determined by both

the resistivity and the specific heat measurements.

All the thermodynamic and superconducting parameters
mentioned above are summarized in Table 1. Notice that the
normalized specific heat changes AC. /YT, of all samples are
between 2.0 and 2.5 (except for the sample of x = 0.15, whose
small AC. /YT, possibly comes from the existence of non-
superconducting components and/or a poor crystallization, as
revealed in the broad transition in Fig. 3), and lep is between

0.7 and 0.8. These values are comparable with those in the

references, ['327 and are well beyond the BCS weak coupling
limit.
Table 1. Thermodynamic and superconducting parameters of

Mos_Re, Al C. T is determined as the midpoint of the supercon-
ducting transition in the resistivity measurement.

phonon contribution of C;, is BT?3, the electronic contribution
of heat capacity (C.) also follows a power-law behavior of
T3. Although the manners of C, at lower temperatures were
not measured in our study, this kind of power-law behavior
is consistent with that of the previously reported Mo3zAl,C
samples.[!®271 Our results reveal that there might be point
nodes at the superconducting gap. However, since there are
considerable amounts of a-Mo,C impurity and the measur-
ing temperature is not low enough, we are not able to draw a
conclusion on the gap symmetry with merely the C, results.
Further studies on single crystals are needed to answer this
question.

Figure 4(b) summarizes the change of 7; (determined by

);Cirzgo3’XReXAlzc 9?)0 (9)32 8(1)49& g;i géj 2431(1) both the resistivity measurements and the specific heat mea-
¥ (mJ-mol~1.K~2) 137 140 222 125 118 111 surements) of Mo3AlC upon Re doping. T; is enhanced by
Op (K) 344 344 303 385 376 352 a small amount of Re doping before it decreases, reaching a
AC /7T 207 246 208 124 203 2.17 maximum when the Re doping concentration is about 3%.

;eFEF) (states-eV~! per f.u.) ZE 2;? Z;Z 2?(1) (3);; (3)2 The trends of y and Aep correspond well with the changing

As shown in Fig. 4(a), at the superconducting state,
the behavior of C, follows a relation of C, ~ T3. As the

of T, as illustrated in Figs. 4(c) and 4(d). Most surprisingly,
the ¥ of Mos.91Reg oAl C is significantly larger than that of
the other samples, indicating a much larger N(Ef) (~ 150% of

077401-4



Chin. Phys. B Vol. 30, No. 7 (2021) 077401

the undoped sample). According to McMillan’s relation, Aep
is positively correlated with N(Ep). Therefore, the enhance-
ment of N(Eg) should be responsible for the increase of T¢.
The dramatic increase in N(Ep) with such a small amount of
Re doping is possibly due to the modification of Fermi sur-
face upon electron doping introduced by Re. In this respect, a
detailed study of band structure calculation of Mos_,Re,Al,C
(0 <x <0.3) is definitely of interest.

4. Conclusion

In summary, we successfully prepared Mo3Al,C, as well
as the Re-doped samples Mos_Re,Al,C (0 < x <0.3) by a
microwave method for the first time. We systematically stud-
ied the crystal structure and the basic superconducting param-
eters. With the increase of Re content x, the lattice parameter
a decreases linearly, while 7 is enhanced by a small amount
of Re doping up to x = 0.09 before it decreases. The increase
of T, is possibly due to the enhancement of N(Ep), which may
result from the modification of band structure upon electron
doping. Our results not only provide a new convenient way
to produce Mo3Al,C within minutes, they also shed lights on
the study of the unconventional superconducting mechanism
in MO3A12C.
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