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Correlation between crystal structures of CaAlSi with and without superlattice
and superconducting properties
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We have succeeded in growing a phase in CaAlSi with Al and Si atoms being distributed regularly in the
AlSi layer corresponding to the B, plane in the AlB,-type structure without a superlattice along the ¢ axis. The
field-induced magnetic response in a phase exhibits an almost isotropic characteristic for the respective crystal
axis. Moreover, the 2A(0)/kgT, and ACg/ yT, estimated by heat capacity measurements are ~3.5 and ~1.4,
respectively, indicating a BCS superconductor with a weak coupling. Although CaAlSi has a two-dimensional
layered structure, these results strongly suggest that the superconductivity of the phase in CaAlSi is derived
from a three-dimensional electronic ground state such as a conventional s-wave superconductor, which is
markedly different from those of superstructured CaAlSi.
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I. INTRODUCTION

The ternary silicide superconductor CaAlSi (CAS) with a
layered structure belongs to a class of AlB,-type intermetal-
lic compounds common to MgB, (Ref. 1) and exhibits su-
perconductivity with a transition temperature (7,) of ~8 K.?
Note that CAS has a practical advantage over MgB, where
large single crystals are available. Therefore CAS may serve
as one of the model systems for elucidating the relationship
between superconducting properties and crystal structure.
Because the origin of a high 7, in MgB, can be mainly
explained by the anisotropic electronic state (two-gap/two-
carrier) in honeycomb networks formed by boron atoms, for
the CAS, the two-dimensional electronic ground state com-
posed by a hybridized sp-orbital of Al/Si atoms has been
drawing much interest as reference material for understand-
ing the key factor leading to such a high 7, in MgB,. Re-
cently, Sagayama et al. has reported on the detailed crystal
structure focusing on the AlSi layer in CAS using synchro-
tron x-ray and neutron diffraction analysis, which indicated
the existence of a clear fivefold (5H-CAS) or sixfold (6
H-CAS) superlattice along the c-axis caused by the distortion
and rotation in the AlSi layer.> However, since it is extremely
difficult to synthesize the single phase of polycrystalline
fivefold and sixfold phases, none of them has been success-
ful to provide detailed superconducting characteristics.
Moreover, it should be noted that the so-called clean CAS (1
H), which crystallizes to an AlB,-like structure with P-6m2
whose Al and Si atoms are distributed regularly without a
superlattice structure, is as yet unknown at this stage.

Considering the various possible types of CAS crystal
structure, we should prepare a large single crystal sample and
examine detailed crystal structures by synchrotron x-ray and
neutron diffraction analyses. Interestingly, it turned out that
our crystal exhibits no sign of clear superlattice reflection or
stacking faults along the ¢ axis, which is markedly different
from that reported previously. Moreover, it is notable that the
positions of Al and Si atoms detected by neutron diffraction
are completely ordered in the ab-plane. We have found that
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our crystal has an AlIB,-like crystal structure with Al and Si
atoms being distributed regularly in the B, plane without a
superlattice structure, which turned out to be a phase
(LH-CAS).

In this work, we report on the detailed crystal structure of
1H-CAS determined by synchrotron x-ray and neutron dif-
fraction analyses and on the basic physical properties of 1H-,
5H-, and 6H-CAS obtained by magnetization, electrical re-
sistivity, and heat capacity measurements. Note that the 7, of
the respective phase tends to depend on a superstructured
periodicity. Moreover, although the superstructured speci-
mens (5H- and 6H-CAS) show the presence of strong aniso-
tropy in the field-induced magnetic response and have a large
superconducting gap (strong coupling), 1H-CAS exhibits an
isotropic superconducting character for the respective crystal
axis (Hlla and Hllc,) such an ordinary BCS superconductor
with s-wave pairing. These results strongly suggest that there
is a clear correlation between superlattice structure and su-
perconducting properties.

II. EXPERIMENTAL DETAILS AND RESULTS

The feed and seed rods were prepared by the arc melting
method with a mixture of Ca (99.9%), Al (99.99%), and Si
(99.999%). The single crystal of 1H-CAS was grown by the
floating zone method under an Ar atmosphere (flow rate:
2.0 1/min). The growth rate was set to 1.5 mm/h, and the
seed and feed rod were rotated in the opposite directions
with a speed of 19 and 21 rpm, respectively (5H- and
6H-CAS in Refs. 2 and 4, respectively). Here, we point out
that the single crystal of 1H-CAS can be obtained by grow-
ing the lower heating temperature than that case of super-
structured specimens. The obtained ingots were confirmed to
be single-crystal form and had no superlattice reflections
from synchrotron x-ray Laue patterns and neutron diffraction
patterns on the (00/) line in the reciprocal-lattice (see Fig. 1).
Moreover, we performed synchrotron x-ray and neutron dif-
fraction analyses of single-crystal 1H-CAS to clarify its de-
tailed crystal structure.
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FIG. 1. (Color online) Neutron diffraction patterns on the (00/)
line in the reciprocal-lattice for 1H-CAS at room temperature.

The synchrotron x-ray experiment was conducted using a
conventional four-axis diffractometer installed at BL-14A at
the Photon Factory, KEK, Tsukuba. The wavelength of the
incident synchrotron x-ray beam monochromatized by a
Si (111) double-crystal monochromator was set to 0.7505 A,
and scattered x ray was detected by an avalanche photodiode
(APD).’ The Bragg reflection intensities were measured in a
full-sphere of reciprocal space in the range 26<<120°. The
total and unique number of measured reflections were 3476
and 386, respectively, and the CRYSTALSTRUCTURE program
was used for refining the structural parameters. The reliabil-
ity factors R and Ry were 1.1% and 1.3%, respectively,
when the space group was assumed to be P-6m2 symmetry
(the goodness-of-fit indicator S was 0.72). The refined struc-
tural parameters for 1H-CAS are listed in Table I. Here, note
that it is difficult to determine the in-plane-ordered state
probed by only x-ray diffraction because Al and Si are
closely located in the periodic table of elements. Therefore to
confirm the ordering of Al/Si atoms, we performed a precise
neutron diffraction measurement because of its difference of
scattering lengths for neutrons between Al/Si atoms, using a
four-circle neutron diffractometer FONDER (monochro-
mator: Ge-311, wavelength: 1.24 A) at Japan Atomic Energy
Agency (JAEA).® The experiment was carried out at room
temperature under ambient pressure, and a single crystal of 1
H-CAS with the dimension 2 X2 X 4.5 mm? was used. The
intensity data obtained by neutron diffraction were corrected
for absorption effect using the program DABEX. For the cor-
rected data, a least-squares fitting analysis assuming P-6m?2
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FIG. 2. (Color online) Crystal structure of 1H-CAS that applies
an anisotropic displacement effect determined by synchrotron x-ray
and neutron diffraction analyses.

symmetry was performed with the program RADIEL,” which
yields the reliability factor R = 2.58% and Ry =3.06%, and
the refined structural parameters are consistent with those
determined by x-ray structure analysis. For the comparison,
disordered model with P6/mmm space group was applied
and the result was R = 4.37% and Ry =5.58%), remarkably
worse than that of the ordered model. Further, we would like
to stress that the experimental values of weak intensity re-
flections represented by the following index: (010), (0-12),
(012), (022), (120), which reflects the order parameter of
Al/Si atoms, are in good agreement with those of calculation
assuming the ordering state of Al/Si atoms.

Consequently, our crystal had an AlB,-like crystal struc-
ture with Al and Si atoms being regularly distributed in the
B, plane without a superlattice structure as shown in Fig. 2
(P-6m2 symmetry). We have also confirmed that SH-CAS
and 6H-CAS exhibit clear fivefold and sixfold superlattices
along the ¢ axis by synchrotron x-ray diffraction analysis.
We investigated the magnetic response and the transport and
thermal properties of 6H-, SH- and 1H-CAS by dc magnetic
susceptibility, electrical resistivity, and heat capacity mea-
surements under several applied magnetic fields using a su-
perconducting quantum interference device (SQUID) magne-
tometer (MPMSR2, Quantum Design Co., Ltd.) and a PPMS
system (Quantum Design Co., Ltd.).

Figure 3 shows the temperature dependence of dc mag-
netic susceptibility at 1 mT for 6H-, 5H-, and 1H-CAS. The
open and closed symbols denote the zero field cooling (ZFC)
and field cooling (FC) processes, respectively. As shown in
Fig. 3, the Meissner effect for 6H-, SH-, and 1H-CAS can be
observed below ~8, ~6, and ~7 K both in ZFC and FC.
Inset figures show the in-plane electrical resistivity p,, as a
function of temperature at around 7. The p,;, values of 6H-,
S5H-, and 1H-CAS significantly decrease at T, as obtained
from magnetization measurements. The middle critical tem-

TABLE I. Structural parameters for 1 H-CAS with P-6m2 symmetry, where x, y, z, and occ are the atomic

coordinates and occupancy, B,,

is the thermal parameter, and U,,, is the anisotropic displacement parameter.

The lattice parameters a and ¢ at room temperature are determined to be 4.196(3) A and 4.414(4) A,

respectively.

Wyckoff
Atom letter X y Z  occ B, Uy U, Uss U
Ca la 0 0 0 1 0.918(3) 0.01211(6) 0.01211(6) 0.01062(7)  0.00601(3)
Al 1d 173 213 12 1 1.46(2)  0.0073(2)  0.0073(2)  0.0409(7)  0.00370(12)
Si 1f 23 173 172 1 0.929(11) 0.0074(2)  0.0074(2)  0.0204(4)  0.00373(11)
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FIG. 3. (Color online) Temperature dependence of dc magnetic
susceptibility at 1 mT for 6H-, SH-, and 1H-CAS. Inset figures
show the in-plane electrical resistivity p,;, as a function of tempera-
ture at around 7.

perature T iqqe determined by both measurements of 6H-,
S5H-, and 1H-CAS are ~7.75, ~5.83, and 6.45 K with tran-
sition widths of 0.2, 0.6, and 0.6 K, respectively. The ratio of
interplane electrical resistivity (p,) and p,, for 1H-CAS is
estimated to be approximately ~1.3 at room temperature,
which is extremely smaller than that of superstructured
specimens. Mazin et al. reported the electronic band struc-
ture for CAS in ordered structure with P-6m2 symmetry us-
ing the full-potential linear augmented plane-wave (FLAPW)
calculations.® In the theoretical investigation for 1H-CAS,
the plasma frequency for the in-plane is almost equivalent to
that for the interplane, indicating that 1H-CAS has the iso-
tropic effective carrier mass in the specimen. Therefore this
is expected to be small resistivity anisotropy for 1H-CAS.
Figure 4 shows the temperature dependence of specific
heat for 6H-, SH-, and 1H-CAS under a zero field. The solid
curves are the fitting result with C= w7+ 8,T°+ 3,T° where
the first term is closely related to the electron part (=C,) in
the specimen, vy is the electronic specific heat coefficient
(Sommerfeld constant), and B,T°+ B,T°(=C,,) is contributed
by lattice vibration. By the fitting, the yy, which is propor-
tional to the density of state at Fermi energy, of 6H-, SH-,
and 1H-CAS are estimated to be 5.07, 3.86, and
6.10 mJ/mol K2, respectively. Moreover, the respective De-
bye temperatures ©p calculated using the formula g
=N(12/ 5)7T4R®53, where (3, is the coefficient of the 7° term,
R=8.314 J/mol K, and N=3, are listed in Table II. Inset fig-
ures show the temperature dependence of the electronic spe-
cific heat C; by subtracting the phonon term Cy,. We clearly
observed a steplike jump of C, at 7.=7.67 K (6H-CAS),
5.68 K (5H-CAS), and 6.5 K (1H-CAS) corresponding to
those obtained from magnetization and electrical resistivity
measurements, showing evidence of bulk superconductivity.
The dotted curves in the inset figures indicate the result of
fitting analysis using the following equation based on a BCS
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FIG. 4. (Color online) Temperature dependence of specific heat
for 1H-CAS under zero field. The inset shows the electronic spe-
cific heat C, as a function of temperature. For the solid/dotted
curves, see the text.

theory: C,~exp[—A(0)/kgT], where A(0) is the energy gap
and kg is the Boltzmann constant, for the temperature range
below 7/T.=0.8 because of the existence of superconducting
fluctuation near 7. Because the C values of 6H-, 5H-, and
1H-CAS below T, exponentially decreased with decreasing
temperature, CAS has a s-wave symmetry, which is appar-
ently different from the result of polycrystalline CAS ob-
tained by previous uSR measurements.” Here, we point out
that the upper critical field H,, of 1H-CAS (see below)
is considerably lower than that observed in the polycrystal-
line specimen (~2.6 T). This leads to the possibility that
M#SR measurement in polycrystalline specimen might have
been affected by the presence of such a mixed phase as im-
purity. Meanwhile, AC,/ ynT, and 2A(0)/kgT,, which reflect
the size of the superconducting energy gap, mean the
strength of electronic coupling condition; the AC,/ yT, and
2A(0)/kgT, in the BCS weak coupling limit are ~1.43 and

TABLE II. Superconducting parameters for respective crystal
axis of 6H-, SH-, and 1H-CAS.

6H-CAS 5H-CAS 1H-CAS

Hlla Hlle Hlla Hllc Hlla Hlc
T. [K] 7.67 5.68 6.50
H.(0) [kOe] 171 96 146 73 40 37
E[A] 104 185 106 212 276 298
r 32 4.0 1.2
0Op [K] 323 322 307
ya[mJ/mol K2] 5.07 3.86 6.10
A(0) [meV] 1.74 1.11 0.98
2A(0)/ kT, 5.25 4.41 ~3.5
AC,/ WT. 241 1.62 ~14
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FIG. 5. (Color online) Temperature dependence of upper critical
field H., for 6H-, SH-, and 1H-CAS. The respective closed and
open symbols indicate data measured for Hlla and Hllc, and the
circle, square, and triangle show data determined by magnetic sus-
ceptibility, electrical resistivity, and heat capacity measure-
ments under several applied magnetic fields, respectively. The in-
sets show the temperature dependence of the upper critical fields
ratio 7(=H‘£/ H‘C'Z). These dashed lines are a visual guide.

~3.52, respectively. We estimated the AC,/wT. and
2A(0)/kgT, of 1H-CAS to be approximately ~1.4 and ~3.5
[A(0) ~0.98 meV], respectively, suggesting that 1H-CAS is
a conventional BCS superconductor with weak coupling. The
AC,/ T, and 2A(0)/kgT, of 6H- and 5H-CAS are larger
than those of the BCS weak coupling limit (see Table II).
These results suggest that the superconductivity in super-
structured specimens indicates a strong coupling regime.
Figure 5 shows the temperature dependence of upper criti-
cal field HY, (i=c and a axis), which was determined
from T, ;qqe Obtained by the magnetic susceptibility, elec-
trical resistivity, and specific heat at respective magnetic
fields (inset shows the upper critical field ratio y vs tempera-
ture), and these dashed lines are a visual guide. For 6H- and
SH-CAS, the field-induced magnetic response between the
in-plane and the interplane has a strong anisotropy probably
due to the two-dimensional electronic state derived from a
layered structure. It is notable, however, that the H'3 and H'S
of 1H-CAS show similar temperature dependences, suggest-
ing that 1H-CAS has an extremely small anisotropy of mag-
netic response due to the three-dimensional electronic
ground state. According to the theoretical investigation,
Mazin et al. also theoretically suggested that the Fermi level
of 1H-CAS was mainly formed by only one band of Ca
d;,2_,2 orbital, and thereby has extremely three-dimensional
characteristics.> Meanwhile, the anisotropy of magnetic re-
sponse in superstructured specimens can be possibly de-
scribed by the substantial change of electronic ground state
due to the variation of Al-Si bonding from a hybrid-
ized sp>- to sp-orbital because of the buckling of the AlSi
layers. For these three phases, we have estimated H&(O) us-
ing the Werthamer-Herfand-Hohenberg (WHH) equation,
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H.,(0)=0.69(-dH,/dT)T., for the type II superconductor in
a dirty limit.'>!! Moreover, the anisotropic parameter I' was
determined using the anisotropic Ginzburg-Landau (GL) for-
mula

\;"F: —:—“:—, (1)

where m; and & are the effective mass and GL-coherence
length. We calculated the ¢ using H' = ®/(2m&,£,) and
HY = ®y/(2m&) where ®; is the quantum flux. The
estimated H'5(0) and & for the respective crystal axis and
anisotropic parameter I" are listed in Table II. Note that the
absolute value of H‘C'iZ(O) and anisotropic parameter I' (~1.2)
of 1H-CAS are much smaller than those of the superstruc-
tured specimens. It is theoretically known that H., deter-
mined by the formula H,, ~ ®y/ 7&,] ~ 3ckT,/evgl, where
& is the BCS coherence length, [ is the mean free path, and
vg is the Fermi velocity, derived from the BCS theory; &,
=hvp/27*A(0). Therefore the smaller H&(O) of 1H-CAS in
comparison with that of the superstructured specimens is
closely related to the size of the energy gap, which yields
A(0);5 ~0.98 meV and A(0)gy~ 1.74 meV, as obtained by
heat capacity measurement. In addition, the similar 7, in the
respective phases implies that the mean free path in super-
structured specimens is suppressed in comparison with that
in 1H-CAS because of the superstructure due to the rugged
AlSi layer.

III. SUMMARY

We have succeeded in growing the superstructured speci-
mens (6H- and 5H-CAS) and their phase (1H-CAS) with the
in-plane ordered state without a superlattice along the c-axis.
We examined their physical properties in detail by magneti-
zation, electrical resistivity, and heat capacity measurements.
The obtained superconducting parameters of 6H-, SH-, and 1
H-CAS are listed in Table II. Note that the superconductivity
of 1H-CAS can be well-described by a conventional BCS
superconductor in a weak coupling regime; it had a typical
thermal property [ACq/ywT.~1.4 and 2A(0)/kgT.~3.5]
and an isotropic magnetic response probably due to the
three-dimensional electronic state. On the other hand, the
size of the superconducting gap (strong coupling regime),
H'%,(0), and anisotropic parameter I in 6H- and SH-CAS are
extremely larger than those in 1H-CAS. These results sug-
gest that the electronic ground state in superstructured speci-
mens is significantly changed from three-dimensionality for
1H-CAS to two-dimensionality which reflects the crystal
structure. The origin of the difference between superstruc-
tured specimens and 1H-CAS remains to be clarified.
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