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We report on the crystal growth and superconducting transition
temperature 7, of CaSb, with the chemical substitution for Ca. CaSby
is a line-nodal material with 7, ~ 1.7 K. Although CaSb; exhibits
the conventional superconductivity at ambient pressure, 7, shows an
unusual peak under pressure. We found that 7, decreases with the
substitutions of Sr and Ba for Ca, consistent with the effect of the
negative chemical pressure.

CaSb, is a topological line-nodal material superconduct-
ing below T, of about 1.7 K.' Measurements of the nu-
clear quadrupole resonance revealed that its superconductiv-
ity is conventional at ambient pressure,? and the temperature
dependences of the specific heat and the penetration depth
suggest fully gapped superconductivity with multiple Fermi
surfaces.”) Curiously, T, has a peak under hydrostatic pres-
sure with the maximum of 3.4 K, which is twice larger than
that at ambient pressure.) Such a peak is unusual for the
conventional superconductivity and cannot be explained by
the change in the density of states.”) Theoretically, CaSb,
is predicted to host Dirac nodal lines protected by the non-
symmorphic crystalline symmetry against the spin—orbit cou-
pling in its electronic band structure.® Quantum oscillations”
and the angle-resolved photoemission spectroscopy™ captured
the band structure consistent with first-principles calculations.
Moreover, a large magnetoresistance®”? of 6,000% at 14 T
and 1.8 K, attributable to the nodal lines, was observed.

In this paper, we report on the chemical substitution and
evolution of 7, of CaSb,. Our calculation suggests that one of
the nodal lines comes closer to the Fermi energy E, with the
substitution of Sr for Ca, possibly enhancing the characters of
Dirac nodal lines by band tuning to induce the theoretically
predicted line-nodal superconductivity.!) Measurements of
the AC susceptibility show that 7, decreases with Sr, Ba, and
Eu. This result is consistent with the effects of the negative
chemical pressure and of the magnetic impurity and indicates
that one may be able to investigate the effects of physical
pressure on the superconducting state via chemical pressure
by suitable element substitution.

Single crystals of Ca;_,M,Sb, (M = Sr, Ba, and Eu) were
grown by the self-flux method using Sb as the flux. Ca (Sigma-
Aldrich, 99.99%), Sr (Sigma-Aldrich, 99.99%), Ba (Furuuchi
Chemical, 99.9%), and Eu (Rare Metallic, 99.9%) were melted
in Sb (Rare Metallic, 99.9999%) with molar ratios of 1:4.0—
1:4.7. We used alumina crucibles (Irie Corporation, SSA-S)
for most of the samples, but for the Ba substitution we used
a carbon crucible (Kyoto Takaoshin) to avoid the reaction be-
tween the crucible and Ba. For pure CaSb;, the crucible was
sealed in a quartz tube under 0.03 MPa of argon at room tem-
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Fig. 1. (Color online) Calculated band structures of CaSb, (dashed curves)
and SrSb; (solid curves). Positions of the high-symmetry points in the Bril-
louin zone are shown in Ref. [2|

perature and heated in a box furnace (Denken, KDF 80S) with
a temperature profile similar to that reported in Ref. [7| but
with the final temperature of 600°C instead of 610°C. For the
substituted samples, the crucibles were sealed in quartz tubes
under 0.07 MPa of argon at room temperature. The tubes
were heated in a box furnace up to 780°C—800°C and then
cooled down slowly to 580°C-600°C at a rate of —1°C/h.
The remaining flux was removed by centrifugation. We ob-
tained plate-shaped crystals with a few mm in diameter and
less than 1 mm in thickness. We comment that attempt of
Mg substitution resulted in chunk-shaped crystals, presumably
CaMg,Sb,. Compositions of the samples were measured with
the electron-probe microanalyzer (EPMA; JEOL, JXA-8105).
The composition of the pure sample without substitution was
measured to be Ca:Sb=34:66.

AC magnetic susceptibility was measured with a lock-
in amplifier (Stanford Research Systems, SR830) using a
homemade susceptometer!) compatible with the adiabatic-
demagnetization-refrigerator option of a commercial cryostat
(Quantum Design, PPMS). We used a frequency of 19.997 kHz
for the AC field. First-principles calculations were per-
formed based on experimental crystal structures’?1® with the
WIEN2k package!®!® using the Perdew—Burke—Ernzerhof
generalized gradient approximation'® as the exchange—
correlation functional.

We first present the calculated electronic band structures
of CaSb, and SrSb, in Fig. E} In CaSb,, the bands forming
the electron Fermi surfaces around the Y and C points host
Dirac nodal lines. The flat bottom of the bands along the
YC line is located 0.1-0.2 €V below E.. As we substitute Sr
for Ca and consequently apply negative chemical pressure,
the band bottom is pushed up to E, in SrSby with the band
bottom becoming more dispersive. Since we expect a larger
contribution to the density of states at £, from the bands
forming nodal lines in SrSb; than in CaSb,, we can study
the interplay between nodal lines and superconductivity in
Cay_,Sr,Shs,.

Figure[2]shows the AC susceptibility of substituted crystals.
Pure CaSb; exhibits a peak in the imaginary part at 1.68 K.
Superconductivity is completely suppressed by a Eu substi-
tution of 3%. This behavior is expected for the conventional
superconductivity since Eu acts as a magnetic impurity. As we
substitute Sr for Ca, 7, decreases systematically to 0.77 K at
8%. Substitution of Ba decreases 7, more significantly. These
changesin T, are attributable to the effect of the negative chem-
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Fig. 2. (Color online) Temperature dependence of the AC susceptibility of
Cay_xM,Sby (M = Sr, Ba, and Eu). AV, and AV, represent the in-phase
and out-of-phase components detected by the lock-in amplifier, respectively,
parallel shifted so that the values become zero above 2 K. The signals are
normalized by the mass m of each sample. The origin of the upturn in AV,
at the lowest temperature is unknown, possibly related to the instability of
temperature or field.

ical pressure in contrast to the increase of 7, under hydrostatic
pressure, since Ca has the smallest ionic radius among these
three elements and Ba has the largest.

Figure [3] summarizes the relation between the actual and
nominal amounts of substitution and 7. For Sr and Eu, one-
fifth to one-fourth of the starting reagents goes into the prod-
uct, while for Ba only 0.7% is reflected in the sample. This
difference should come from the different ionic radii. Linear
extrapolation implies that 7, goes to 0 K at x = 15% for Sr
and at x = 2% for Ba. Comparison of lattice parameters, den-
sity of states, and Debye temperatures of substituted samples
would give a hint on the effect of different elements and on the
unusual peak in 7, under physical pressure.

In summary, we succeeded in chemical substitution of Sr,
Ba, and Eu for Ca in the single-crystalline superconducting
nodal-line material CaSb,. T, decreases with Sr, Ba, and Eu
substitutions; Ba has a stronger effect than Sr, and 3% of Eu
substitution makes the superconductivity undetectable above
0.15 K. These features are attributable to the effect of the neg-
ative chemical pressure and the magnetic impurity. It would
be an interesting future work to investigate if other supercon-
ducting properties change with Sr or Ba substitution as the
bottom of the bands hosting Dirac nodal lines are lifted up
to E.. We hope this work triggers further material synthesis
aiming at topological superconductivity in CaSb, and other
Dirac materials.
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Fig. 3. (Color online) (top) Comparison between the nominal and actual
amount of substitution in Caj_,M,Sby (M = Sr, Ba, and Eu). The former
is calculated from the molar ration of the starting reagents, and the latter
was measured with the electron-probe microanalyzer. (bottom) Change in
the superconducting transition temperature 7, with substitution of various
elements.
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