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ABSTRACT: Arsenic doping in silicides has been much less studied compared with phosphorus. In this study, superconductivity is
successfully induced by As doping in MosSi;. The superconducting transition temperature (T,) reaches 7.7 K, which is higher than
those in previously known W;Si;-type superconductors. Mo;Si,As is a type-II BCS superconductor with upper and lower critical
fields of 6.65 T and 22.4 mT, respectively. In addition, As atoms are found to selectively take the 8h sites in MosSi,As. The
emergence of superconductivity is possibly due to the shift of Fermi level as a consequence of As doping, as revealed by the specific
heat measurements and first-principles calculations. Our work provides not only another example of As doping but also a practical

strategy to achieve superconductivity in silicides through Fermi level engineering.

rsenic doping in elemental silicon has been known for

more than half a century.' And the kinetics for As
diffusion in silicon had been well established.”® However,
reports on arsenic doping in silicides are unexpectedly scarce.
To the best of our knowledge, there are only S examples in
bulk materials, namely: Cr;Si,_,As,,* FeSiAs,” ZrSi,_As,Te,’
and Zr(Hf)As,_,Si.”*

On the other hand, phosphorus doping had been reported in
more than 30 silicides: CoSig4Pys USig,7Pogs -~ FesSiP,’
Nb;Siy_ Py, - GdSi,_P,,'> and MSi,P, (M = Fe, Co, Ru,
Rh, Pd, Os, Ir, and Pt, and x + y > 4),"”'* to name a few.
Compared to the P dopant, the much less studied As doping
offers an opportunity to chase for new compounds in this field.

Our group has been working on MoAs-based super-
conductors, and has discovered a series of quasi-one-dimen-
sional superconductors A,Mo;As; (A = K, Rb, Cs)."”™"
Recently, superconductivity was reported in Re-doped Mo;Si,
with a transition temperature (T,) of 5.8 K, setting a new
record in the isostructural compounds.18 We, thus, naturally
conducted a systematic As doping study on Mo;Si;, which led
to the discovery of superconductivity in Mo;Si;_,As,.

MosSiy crystallizes in a tetragonal W Si;-type structure
(space group I4/mcm), as illustrated in Figure la. Notice that
there are two kinds of Si atoms taking different Wyckoff
positions: Sil at the 4a sites, and Si2 at the 8h sites. In this
study, we show that arsenic can be doped into MosSi;.
Interestingly, As atoms selectively takes the Si2 (8h) sites.
Furthermore, superconductivity was observed in MogSi;_,As,
(x > 0.5), with T, increases from 4.4 K in MoSi, sAs to 7.7
K in MosSi,As. The data for Mo;Si,As are shown in the main
text, while additional information about Mo;Si,_,As, (x # 1.0)
is shown in Figures S2—S4.

Figure 1c demonstrates the powder X-ray diffraction (XRD)
pattern of MosSi,As. For MosSi)As, there are at least two
configurations (configs.) in which As atoms take different sites
(Figure 1b). In config. 1, As atoms randomly take the Si2 (8h)
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sites. While in config. 2, As atoms take all the Sil (4a) sites.
However, the observed XRD pattern can only be refined with
config. 1. In particular, any occupation of As at the Sil (4a)
sites will cause a significant enhancement of the (200) peak,
which prevents the refinement from convergence. (See Figure
SS.) A brief list of the refined crystallographic parameters is
shown in Table 1. More details about the refinement results
can be found in Table S1. According to the refinement, there is
about 10.3 wt % of Mo;Si impurity in the sample. The refined
composition is Mos go(1)Si; 97(3)A81.05(s)y Which is close to that
determined by energy-dispersive X-ray spectroscopy. (For the
sample morphology and elemental mapping, see Figure S6.)

The site-selective doping of As is further backed by the first-
principles calculations. As shown in Figure 1b, the enthalpy
(H) for config. 1 is lower compared with config. 2, which
means As doping at the Si2 (8h) sites is more favorable in
energy. The above conclusion is based on zero temperature
calculations, but it is also true for finite temperatures. This is
because the free energy G = H — TS, and the entropy S for
config. 1 is larger. (Notice the Boltzmann relation S = kz In Q,
where kj is the Boltzmann constant, and Q is the number of
microstates)

Figure 2a shows the temperature dependence of resistivity
(p) of Mo;Si,As. The monotonous decrease of p upon cooling
indicates a metallic nature. Superconducting transition is

observed below 7.7(1) K (T™™*), with zero resistivity achieved
at 7.4(1) K (T¥"). Figure 2b emphasizes the region of the
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Figure 1. (a) Crystal structure of MosSi;. (b) Two possible
configurations of MosSi,As and the corresponding enthalpies from
DFT calculations. (c) Room-temperature XRD pattern of MogSi,As
and its Rietveld refinement. The vertical bars indicate the Bragg
positions for MosSi,As and the Mo;Si impurity. The relevant (200)
peak of MogSi,As is marked.

superconducting transition. Upon the application of the
magnetic field, the transition is gradually suppressed. The
temperature dependence of upper critical field (4oH,(T)) can
thus be determined, which is shown in the inset of Figure 2a. A
Ginzburg—Landau (G—L) fit gives poH,(0) = 6.65(4) T.

DC magnetic susceptibility (47y) of MosSi,As from 1.8 to
10.0 K under 10 Oe is demonstrated in Figure 2c. Bulk
superconductivity is confirmed in 47zy(T) curves, with large
diamagnetic signals observed below 7.4 K. The value of T,
determined from 47y (T) agrees very well with that from p(T).
We also measured the isothermal magnetization curves for
Mo;Si)As. The results are shown in Figure 2(d). The lower
critical fields (poH,(T)) are determined from the deviation of
the curves from initial Meissner states. As shown in the inset of
Figure 2(c), ptoH,(T) can be fitted with the G—L relation:
HoHA(T) = ugHa(O)[1 = (T/T)"), giving poH,(0) =
22.4(5) mT.

A series of superconducting parameters can be determined
using yoH,(0) and poH,;(0). The values of these parameters
are listed in Table 2. The definitions and calculation details for
them can be found in Supporting Information. Notice
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Figure 2. (a) Temperature dependence of resistivity (p) of MosSi,As
under zero magnetic field. Inset shows the temperature dependence of
upper critical field. (b) Zoom-in of the superconducting transition on
p(T) under magnetic fields from 0 to 6.5 T. (c¢) DC magnetic
susceptibility of MosSi,As under 10 Oe. Inset shows the temperature
dependence of lower critical field. (d) Isothermal magnetization at
different temperatures.

kg > 1/+/2, suggesting type-II superconductivity in
Mo;Si,As.

Table 2. Superconducting and Thermodynamic Parameters
of Mo,Si,As

parameter (unit) value
T (K) 7.7(1)
T (K) 74(1)
HoH(0) (mT) 22.4(5)
HoH,(0) (T) 6.65(4)
HoH.(0) (T) 0.22(0)
&1 (nm) 7.03(2)
Agr (nm) 159.5(4)
Kgr 22.7(1)
7 (mJ mol™" K7%) 34.74(8)
B (mJ mol™ K™*) 0.273(1)
0) (K) 385(2)
2y 0.66(1)
AC,/yT. 1.46(2)

The specific heat (C,) of MosSi,As was measured to
investigate the superconducting, as well as the thermodynamic

Table 1. Crystallographic Parameters of MoSi,As from Rietveld Refinement of XRD (Rp = 1.03%, R,, = 1.49%)

atom (site) x y
Mol (4b) 0 0.5

Moz (16k) 0.07652(4) 0.22196(5)
Sil (4a) 0 0

Si2/As (8h) 0.16592(8) 0.66592(8)

z U, (0.01 A% occupancy
0.2 0.137(27) 0.987(2)
0 0392(17) 1.0
0.25 0.84(15) 1.0
0 1.36(6) 0.474(4)/0.526
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properties. The results are shown in Figure 3(a). Notice the
data have been corrected to exclude the influence of Mo;Si
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Figure 3. (a) Temperature dependence of specific heat (C,) of
Mo;Si,As under zero magnetic field, and under a field of 8 T. The C,
data for Mo;Si; are also plotted for comparison. Solid lines are fittings
with Debye model. (b) Temperature dependence of the electronic
contribution of C, under zero magnetic field. Parts a and b share the
same y-axis range. (c) Calculated DOS for Mo;Si; and MosSi,As near
the Fermi level.

impurity. Thermodynamic parameters for Mo;Si were adopted
from the literature.”” Under zero magnetic field, G, for
MosSi,As clearly shows an anomaly at ~7.0 K, validating the
bulk superconductivity. When a field of 8 T was applied,
superconductivity was completely suppressed. The data under
8 T can be well fitted with the Debye model: Cp(T) =yT +
BT?, giving y = 34.74(8) mJ mol™ K2, and 8 = 0.273(1) m]J
mol™" K™% The Debye temperature (@) is thus determined
by ©, = (122*°NR/5f)"* to be 385(2) K. (N is the number
of atoms in a formula unit (fu.), and R is the ideal gas
constant.) The electronic contribution of specific heat (C,) is
extracted by C, = Cp| pH=0 ~ CplﬂonsT + y, which is shown
in Figure 3b. C, at the superconducting state can be well fitted
with the so-called @-model.*® The normalized C, change AC,/
yT, = 1.46(2), which is close to the BCS weak-coupling ratio
(1.43). The electron—phonon coupling strength (/18{,) can be
estimated by using the inverted McMillan formula:”

D 1.04 + 4" In(©,/1.45T))
T (1 - 0.624") In(©,/1.45T) — 1.04 (1)

By setting the Coulomb screening parameter y* = 0.13, a
typical value for intermetallics, we get A, = 0.66(1). These
results suggest a weak to moderate coupling in MosSi,As.
For comparison, we also measured the temperature
dependence of C, of Mo;Si;, which is shown in Figure 3a. y
and @, for Mo,Si; are estimated to be 19.80 mJ mol™' K™% and
659 K, respectively. These values are comparable with previous
report on MoSi, single crystals.”” Notice that y in MoSi,As is

significantly larger than the undoped MosSi;, and the large
decrease of O, suggests substantial softening of the lattice. To
take more insight into this, the density of states (DOS) was
calculated for Mo,Siy and MosSi,As. The results are shown in
Figure 3c. One may notice the similar shapes of the DOS
curves, which means that the bands can be considered rigid in
our case. (For the band structures, see Figure S7) Arsenic
doping shifts the Fermi level (Eg) to higher energy, causing a
significant enhancement of DOS at E; (N(Eg)). This is as
expected, since As hosts one more valence electron compared
with Si. N(Ey) for MoSi, is 4.13 eV~ fu.”, while N(Ep) for
Mo;SiyAs is 7.37 eV™! fu.”!. The enhancement of N(Ej) led to
the increase of y. We can theoretically estimate the value of ¥y
for MogSi,As by

1 22

V= 3N(EF)7T kg (1 + ﬂep) @)
to be ~29.02 mJ mol™' K™%, which agrees well with the
experimental value. According to McMillan’s formalism, 4,, =
[N(Ep){*)]/[M{@*)], where M is the atomic mass, (I*) and
(@) stand for averages of the squared electronic matrix
elements on the Fermi surface, and of the squared phonon
frequencies, respectively.”’ The emergence of superconductiv-
ity in Mo;Si;_,As, should be due to the enhancement of
N(Ep), and possibly the softening of lattice (as evidenced by
the large decrease of Op).

Lastly, we would like to point out that a T, of 7.7 K is fairly
high in W, Si;-type superconductors. A comparison of T,
between Mo;Si,As and previously reported WSi;-type super-
conductors is illustrated in Figure 4.'"®**7°° Notice that
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Figure 4. Evolution of T, in WSij-type superconductors upon the
valence electron per atom (e/a). Note that the peak at e/a ~ 5.4 is
just a tentative guide.

maximal T, occurs when the average number of valence
electrons per atom (e/a) ~ 4.6 or 5.4. Here, the second peak
(at e/a ~ 5.4) is just a tentative guide, and is less reliable as
there are only a few examples with e/a > 5. The phenomenon
that T, peaks at certain e/a values, known as the Matthias rule,
has also been observed in other intermetallics.”’ Currently, the
region of e/a > 5.5 remains unexplored, so more super-
conductors may be discovered if more electrons can be
introduced into this structural family.

In summary, we report the discovery of superconductivity in
Mo,Si;_,As, (0.5 < x < 1.25), in which a maximal T, of 7.7 K
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is observed in Mo;Si,As. Arsenic doping in MosSi; is found to
be site-selective. According to specific heat measurements and
first-principles calculations, the emergence of superconductiv-
ity is related to the shift of Fermi level. Our method of As
doping should be generally applicable to other silicides, in
which more superconductors can be expected.
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