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ABSTRACT: A metal-rich ternary phosphide, SrPt¢P,, with a unique
structure type was synthesized at high temperatures. Its crystal structure
was determined by single-crystal X-ray diffraction [cubic space group
The structure
network of
vertex-shared PtsP trigonal prisms. The Sr atoms occupy a 12-
coordinate (Pt) cage site and form a cubic close-packed (face-centered-
cubic) arrangement, and the P atoms formally occupy tetrahedral
interstices. The metallic compound becomes superconducting at 0.6 K,

Pa3; Z = 4; a = 8474(2) A, and V = 608.51(2) A®].
features a unique three-dimensional anionic (PtsP,)*”

as evidenced by magnetic and resistivity measurements.

1. INTRODUCTION

Chemical systems that consist of an alkali metal (alkaline earth
or rare earth), platinum, and a post-transition element X such
as P, Ge, or B have yielded numerous new intermetallic and/or
metal-rich compounds with a myriad of structural and bonding
features. They include honeycomb lattices of Pt;X; in EuPtP’
and SrPtAs® (AlB,-type), layers of tetrahedrally coordinated
Pt,X, in StPt,Ge,” (ThCr,Si,-type) and LaPt,Ge," (CaBe,Ge,-
type), a three-dimensional anionic network of puckered
hexagonal layers in CaPtGe® (T1N1$1 type), corner-shared
(XPt;) square pyramids in DyPtP,° a dlstorted perovskite
(XPt;) motif in noncentrosymmetric Li,Pt;B,” face-shared
trigonal prisms (XPt) in Li,Pt;Si,® and propeller-shaped Pt,Si,
in Ca;oPt;Si;.”'" The crystal symmetry and chemical
coordination of these materials also vary with the valence of
the cation. For instance, in the APtP compounds (A =Ca, Ba,
La, Eu, and Lu),""'™" the crystal symmetry changes
dramatically from orthorhombic (space group Pmc2,) for
CaPtP'" to cubic (space group P2;3) for BaPtP'' and
hexagonal (space group P6;/mmc) for EuPtP'>'* while the
PtP; coordination is maintained. Therefore, an exploratory
search in this class of materials may lead to the discovery of new
compounds, which might enrich our chemical understanding of
these Pt-related compounds.

On the other hand, novel physical properties have also been
reported in various Pt-related compounds. For instance, a
complex series of phase transitions appear in the mixed-valent
EuPtP, ie, three magnetic transitions'* at 25, 8, and 0.9 K,

-4 ACS Publications  © 2014 American Chemical Society

1049

p(maem)
|

0.0

following two first-order phase transitions’ at 235 and 190 K,
upon cooling, although these transitions have not yet been fully
understood in detail. Superconductivity is observed in related
Pt compounds such as SrPtAs,” SrPtzGez,3 CaPtSi3,15
SrPtGe,,'® Ca,Pt,Sis,"” and Li,Pt,B'® as well as in the strongly
correlated electron systems UPt;'” and CePt;Si.*° The
superconductivity in the noncentrosymmetric CaPtSi;,"
SrPtGes,'® and Li,Pt;B'® systems, particularly in the heavy
Fermion CePt;Si’® compound, has generated great impact in
the condensed matter physics field.

Herein we report the successful synthesis of a new ternary
phase, SrPts,P,, which crystallizes in a new cubic structure
[space group Pa3 (No. 20S)] displaying a unique three-
dimensional network of vertex-shared Pt,P nominal trigonal
prisms. This is an unprecedented Pt—P ternary compound that
has corner-shared six-coordinated trigonal-prismatic coordina-
tion of Pt P>
(trigonal-antiprismatic) PtB coordination in Li,Pt;B” and face-
shared trigonal-prismatic PtsSi in Li,Pt;Si.® It is also different
from the distorted antiperovskite Pt,P octahedral units in
SrPt,P.** Superconductivity at ~0.6 K, with low critical field, is
observed for the title compound both magnetically and
resistively.

and this contrasts the corner-shared octahedral
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2. EXPERIMENTAL METHODS

Material Synthesis. The title compound was initially discovered
as a minor phase during our exploration attempt in the Sr—Pt—P
ternary system when we work on the SrPt,P superconductors.* It was
later synthesized phase pure by high-temperature reactions of
stoichiometric Sr pieces (Alfa Aesar, 99.95%), Pt powder (Alfa
Aesar, >99.95%), and prereacted PtP, from Pt and P powder (Sigma-
Aldrich, >99.99%) within a clean Al,O; crucible enclosed in a clean
and dried fused-silica tube. A small piece of pure Zr foil (oxygen
getter) was added at the opposite end of the fused-silica tube without
contacting the reaction charge. Thereafter, the tube was sealed under
vacuum. The tube was placed in a furnace, heated to 900 °C, kept at
900 °C for 4 days, then cooled at 20 °C/h to 400 °C, and finally
quenched in ice water. To improve the homogeneity, the sample was
reground, cold-pelletized, and then sintered following the previously
described temperature profile. The resulting pellet is very dense (good
for physical measurements) with an approximate density of ~8.6 g/
cm®, ~60% of its theoretical value. All synthesis procedures were
carried out within a purified argon atmosphere glovebox with total O,
and H,O levels of <0.1 ppm. Attempts to synthesis the isotypic
CaPtsP, and BaPtP, are unsuccessful, implying that the cation size
might play an important role for stabilizing the structure.

Single-Crystal X-ray Crystallography. Powder X-ray diffraction
(XRD) was performed using a Panalytical X'pert diffractometer.
Single-crystal X-ray analysis was performed using a Siemens SMART
diffractometer equipped with a CCD area detector. Monochromatic
Mo Ka, radiation (1 = 0.71073 A) was used to collect a full
hemisphere of data with the narrow-frame method. A single crystal of a
typical size of 0.04 X 0.04 X 0.06 mm® was selected from the bulk
samples, coated with paraffin oil to prevent deterioration in humid air,
and mounted on a glass fiber using silicone glue. Data collection, cell
refinements, and data reduction were performed using the Bruker
Apex2 software package. A hemisphere of 1271 frames was measured
using a narrow-frame method with a scan width of 0.30° in @ and an
exposure time of 60 s/frame. Final unit cell parameters were refined
using 3327 reflections having I > 106(I). The cubic cell parameters are
a=8474(2) A, V=6085(2) A}, Z =4, p = 14410 g/cm®, and 20, =
56.88°.

The structure was solved by direct methods using SHELXS97 with
space group Pa3 (No. 205) and refined using SHELXS97 programs in
the WINGX package. A y scan was used for absorption correction.
The structure solution was refined by full-matrix least-squares
calculations on F?, and the thermal motion of all atoms was treated
anisotropically. The final R indices converged to reasonable values [I >
26(I)], R1 = 0.0318 and wR2 = 0.0774, and R indices [all data], R1 =
0.0343 and wR2 = 0.0786. The highest peak in the residual electron
density map is located ~0.8 A away from the Pt atom and could not be
assigned to any possible missing atom. All calculations were performed
using the Siemens SHELXTL program package. The detailed crystal
data and structure refinement for the title compound are listed in
Table 1. Table 2 contains the atomic positions and equivalent
displacement parameters for the title compound. The CIF and other
detailed crystallographic information for the compound are provided
in the Supporting Information (SI).

Powder XRD. Powder XRD data were collected using a Panalytical
X’pert diffractometer (Cu Ko radiation, flat-plate geometry) at room
temperature equipped with an X'Celerator detector. Data were
collected in the 26 range of 5—75°.

Resistivity and Magnetic Measurements. The electrical
resistivity, p, as a function of the temperature, p(T), and field, p(H),
was measured by employing a standard four-probe method from 300 K
to 0.4 K under a magnetic field up to 7 T using a He; attachment in a
Quantum Design Physical Property Measurement System. The
alternating-current (ac) magnetic susceptibility at 159 Hz as a
function of the temperature, y(T), was measured by employing a
compensated dual coil for mutual inductance measurement and using
the Linear Research LR 400 bridge.

Electronic Band-Structure Calculations. Electronic band-
structure calculations for SrPtsP, were performed using the Stuttgart
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Table 1. Crystallographic Data for SrPtsP,

fw 1320.10
T, K 293(2)
A 0.71073
cryst syst cubic
space group Pa3

a, A 8.474(2)
a, deg 90

v, A3 608.5(2)
z 4

caled density, g/cm? 14.410
abs coeff 146.470
F(000) 2144

index ranges

—11<h<11,-11<k<11,-11<1<5

reflns colld/Ry,, 258/0.1070
completion to € = 25.25°, %  100.0

abs corrn W scan
max/min transmn 0.9489/0.3308

ref method full-matrix least squares on F*
data/restraints/param 258/0/16

GOF 1.223

R1, wR2 for I > 206(I) 0.0318/0.0774

R1, wR2 for all data 0.0343/0.0786

ext coeff 0.00086(13)

largest diff peak/hole, e/A>  4.033/-2.428

Table 2. Atomic Positions (X10*) and Equivalent
Displacement Parameters (A> X 10°) for SrPtP,

atom Wyckoff x y z Uy
Pt 24d 3441(1) 1571(1) 790(1) 4(1)
Sr 4a 0 0 0 6(1)
P 8c 8063(5) 1937(5) 6937(5) 5(1)

TB-LMTO-ASA program,”* employing the tight-binding (TB) version
of the linear muffin-tin orbital (LMTO) method in the atomic sphere
approximation (ASA). The Barth—Hedin local exchange-correlation
potential was implemented.*® Radii of the atomic spheres and
interstitial empty spheres were obtained as implemented in the TB-
LMTO-ASA program. The tetrahedron method was selected for the k-
space integration.26 The calculations utilized basis sets Sr Ss/ (Sp) /4d/
(4f), Pt 6s/6p/5d/(5f), and P 3s/3p/(3d) (downfolded orbitals in
parentheses).”” Reciprocal space integrations were performed using
249 irreducible k points. The chemical bonding situations were
investigated using the crystal orbital Hamilton population (COHP)>®
technique, as implemented in the TB-LMTO-ASA 4.7 program
package.”

3. RESULTS AND DISCUSSION

Figure la shows the crystal structure of SrPtP,. The
arrangement of the Sr atom (4a site) corresponds to a face-
centered-cubic (fcc) lattice. The P atoms (8c site) are located at
nominal tetrahedral interstices, albeit displaced from the ideal
tetrahedral site toward a triangular face. Pt atoms (24d site)
form a unique network of P-centered, slightly distorted trigonal
prisms linked through shared vertices (Figure 1b). The slightly
distorted Pt,P unit exhibits an unusual atomic arrangement of
two equilateral Pt; triangles with slightly different Pt—Pt
distances [2.822(1) and 2.828(1) A, respectively] lying above
and below the P atom, with three longer Pt—P bonds [2.353(5)
A), three shorter Pt—P bonds [2.327(5) A], and Pt—P—Pt
bond angles of 73.7(2)° and 74.9(2)°, respectively. Further-
more, the two parallel Pt; equilateral triangles of the trigonal
prism do not completely overlap when projected onto each
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Figure 1. Crystal structure of SrPt,P,: (a) polyhedral (PtsP)
representation of the unit cell; (b) side view of the Pt,P polyhedral
building block; (c) top view of the PtsP polyhedron.

other and are offset by 16.4° (Figure 1c); together, they form a
distorted trigonal prism PtcP. The top-to-bottom Pt—P—Pt
bond angles thus show slight deviations from the ideal bond
angle 91.6° to 92.8(2)°. The Pt—P bonding distances are
similar to the Pt—P distance in the previously reported AlB,-
type EuPtP' (2.358 A) but shorter than the Pt—P distances in
the TiNiSi-type LaPtP'' (2.63—2.72 A) and longer than those
in DyPt,P,° (2.21-2.33 A). The shortest Sr—P distance of
3.483(S) A is slightly big§er, with Sr—P distances found in Sr/P
Zintl phases in Sr3In,P, % (3.03-3.25 A) and SrIrP*' (3.07—
322 A) . The Sr—Pt distances [3.2616(8) and 3.2742(8) A] are
comparable with those in related Sr/Pt ternary compounds.>

The building blocks in SrPtsP, are reminiscent of the
severely distorted Pt,X polyhedra®® in the antiperovskite
Li,Pt;B” and SrPt;P>* superconductors. In the Li,Pt;B
structure, the building blocks are severely distorted PtsB
octahedra; the equilateral Pt; triangles, which lie in parallel
planes, are offset by 36.8° when projected onto each other, as
opposed to the ideal O, of 60°. This observed angle is much
larger than that observed in the title compound; on the other
hand, in the related Li,Pt;Si compound with the trigonal-
prismatic PtgSi as the building motif,® the Pt, trigonal prisms
are less distorted than those of the title compound, with
opposite Pt; triangles only offset by 9.4° (ideal Dy, of 0°) when
projected onto each other.

The connectivity of the PtsP trigonal prisms in the title
compound is different from the Pt;B (in noncentrosymmetric
and cubic Li,Pt;B”) and the PtSi (in trigonal Li,Pt,Si®) in that
the Pt,P network is centrosymmetric and cubic, which is
incompatible with ideal trigonal prismatic symmetry. In the title
compound SrPt,P,, the distorted PtsP trigonal prisms are
linked by the Pt vertices [with a P—Pt—P angle of 136.3(2)°]
and form a Pt;P (“Pts/,P”) network along all directions. The
corner-shared Pt,P polyhedra form an —8-membered Pt,P,
ring. (Figure 2a). Consequently, a complicated unique three-
dimensional framework is constructed in which a total of 12

By

Figure 2. (a) Pt,P, rings formed from corner-shared Pt¢P polyhedra in
SrPtsP,. (b) Pt;Bs and Pt;B; rings formed from corner-shared Pt¢B in
Li,Pt,B (the different Pt;B; and Pt;B, rings are indicated by different
color shading). (c) Face- and corner-shared PtsSi polyhedra in
Li,Pt,Si.
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corrugated Pt,P, rings are formed around one central PtsP
building block, which is rather similar to the octahedral
arrangement observed in the anti-ReOj structure.”® On the
other hand, the Pt,B octahedra in the Li,Pt;B’ are also corner-
shared through Pt vertices. These form a network with different
Pt;B; rings and PtsBj rings, with three planar Pt;B; rings and
nine corrugated Pt;B; rings around each PtsB octahedron
(Figure 2b). In the Li,Pt,Si structure,® the trigonal prisms PtcSi
are face-shared by the common Pt; triangle and form a Pt,Si,
(“PtgPt,Si,”) double unit, and the Pt,Si, units are linked by the
Pt vertices and form a different three-dimensional Pt;Si
(“Pts/,Pt3Si,"= “PteSi,”) network (Figure 2c).

The neighboring Pt,P, rings form an irregular pseudocubic
cage that is composed of a total of eight Pt,P polyhedra. The
four PtsP polyhedra on each of the six faces of the pseudocube
are all bridged through Pt vertices and form the Pt,P, ring.
Therefore, a cavity site, which is equivalent to the A site of the
perovskite structure, is created (Figure 3a). Similar to the

Figure 3. (a) Cavity sites (shaded blue) formed by the corner-shared
Pt¢P polyhedron. (b) Nearest-neighboring Pt atoms, which surround
the Sr atoms, forming a distorted Pt;, cuboctahedral polyhedron. (c)
Extended lattice showing the Sr atoms alternately occupying half of the
cavity sites. The other half of the cavity sites are highlighted by black

spheres for illustration.

coordination number of the perovskite, the Sr atoms sit in the
cavity sites with a total of 12 nearest-neighboring Pt atoms. The
12 Pt atoms constitute a highly distorted cuboctahedron with
six Sr—Pt distances at 3.2616(8) A and another six Sr—Pt
distances at 3.2742(8) A, as shown in Figure 3b. In the
extended lattice, each Pt,P polyhedron is shared by eight
neighboring Pt,P, rings and has a formula of [J(Pt/,P)g/s =
[J(Pt;P). The Sr atoms only occupy half of the cavity sites
formed by Pt,P, rings alternately and thus have a final formula
of Srys(Pt;P) = SrPt,P, (Figure 3c). It is interesting to note
that there are only four crystallographic sites for the cubic space
group Pa3 (No. 205): 24d (occupied by Pt); 8c (occupied by
P); 4a (occupied by Sr); 4b (another half-cavity site). The
cavity site formed at the 4a site has a much larger Pt—Pt
distance (~6.5 A) across the distorted cuboctahedron than the
Pt—Pt distance at the 4b cavity site (~3.98 A). An arbitrary
assignment of Sr atom occupation at the 4b site will result in
much shorter Sr—Pt (~1.99 A) and Sr—P (~2.84 A) distances,
which will destabilize the structure.

The closest structure type to SrPtsP, is the well-known
Sr(NO,), structure type®* (isopointal relationship). The
arrangement of Sr and P atoms in SrPtP, is identical with
that of Sr and N atoms in Sr(NOs;),, corresponding to the fcc
packing of Sr (4a site) and of P and N in tetrahedral interstices
(8¢ site). The Pt atoms in SrPt,P, and the O atoms in
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Inorganic Chemistry

Sr(NO;), also have the same site symmetries (24d site).
However, the Pt positions differ from the O positions in that
the O and N atoms are coplanar in the salt and the Pt atoms are
not coplanar with, and are significantly displaced from, the P
atoms in the metal. The noncoplanarity and accompanying
displacement of the Pt; triangles from the P atom results in a
network of trigonal prisms [PPt;]” in SrPtsP,, in contrast to
isolated trigonal-planar units of [NO,;]™ in Sr(NO;),** (or
distorted trigonal-planar units in SnSe,O4>°). Thus, the unique
structure of SrPtsP, can be regarded as a metal-rich phosphide
structural (isopointal) analogue of a common oxide.

To understand the chemical bonding of the compound,
electronic band-structure calculations were performed using the
Stuttgart TB-LMTO-ASA program. The density of states
(DOS) plots of SrPt,P, with projected DOS (PDOS) of the
Pt d and P s and p states are shown in Figure 4. The

Energy (eV)

-

80 o0

P>

80 0

0 40
DOS DOS DOS

(a) (b) (©)

Figure 4. Calculated DOS and PDOS for SrPtsP, using the LMTO
method: (a) PDOS for Pt d states; (b) PDOS for P p states; (c)
PDOS for P s states. Solid black line: total DOS. Shaded areas: PDOS.
The Fermi level (Ej) is set at 0.0 eV.

40 40 30

calculations show that the compound is metallic, with the Fermi
level near or just below a pseudogap. A simple formal electron-
counting scheme of Sr** and P>~ ions results in a total formal
electronic charge of [Ptg]*" or [Pt;]** for every Pt; triangle.
This is consistent with the calculated DOS and PDOS, which
indicate that phosphorus-derived s and p states are essentially
occupied with incompletely filled d bands of the Pt atoms.
Studies on the chemical bonding of late-transition-metal polar
intermetallics have shown that late transition metals like Pt
usually exhibit negative oxidation states with filling of the d
orbitals before the p states of the main-group metalloid.*® In
SrPtP,, the p orbitals of P are sufficiently lower in energy and
are completely filled. However, the incomplete filling or
electron deficiency of the d states of Pt leads to interesting
results.

Analysis of the chemical bonding in SrPt,P, using the COHP
method and its energy integral (ICOHP) clearly indicates that
the P—Pt interatomic contacts within the [Pt¢P] trigonal prisms
are strongly bonding and essentially optimized interactions
(Figure S). However, the COHP plots of Pt—Pt interactions
indicate significant bonding interactions within the planar
triangles of the Pt.P trigonal prisms (ICOHP ~ 0.74; Table 3).
Moreover, the shortest Pt—Pt distance between neighboring
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Figure S. Calculated COHP curves for SrPtP,: (a) COHP for P—Pt
interactions; (b) COHP for Pt—Pt interactions within Pt; triangles;
(c) COHP for Pt—Pt interactions between Pt; units of neighboring
PtcP trigonal prisms. Fermi level (Ej) is set at 0.0 eV.

Table 3. Calculated ICOHP Values [eV/bond] of Relevant
Interatomic Distances in SrPt,P,

atom pair length (A) ICOHP
Pt—P (6x) 2.327(5)—2.353(5) 2.77
Pt—Pt (3x) 2.822(1)-2.828(1) 0.74
Pt—Pt (1) 2.811(2) 049
Pt—Pt (3x) 3.388(1) 0.03

PtsP triangular prisms also shows significant bonding
interactions (ICOHP ~ 0.49). The structural nature of the
bonding interaction between Pt—Pt atoms of neighboring
triangles is shown in Figure 6. The close approach and bonds of

Figure 6. Pt—Pt bonding interactions between Pt atoms of
neighboring PtsP trigonal prisms. Color code: P, red; Pt, blue spheres.

the Pt atoms crowd into the 4e site and provide a rationale for
the vacancy of the body-centered-cubic site. COHP analysis
also shows that the Pt—Pt interactions between Pt; triangles of
a PtP trigonal prism [Pt—Pt distance = 3.388(1) A] are
essentially nonbonding (ICOHP ~ 0.03). Thus, the “electron
deficiency” of the Pt atoms (unfilled d orbitals) is compensated
for by the formation of Pt—Pt bonds within the triangular
planes of the trigonal prisms and Pt—Pt atoms between
neighboring trigonal prisms. The interprism Pt—Pt interactions
coupled with the vacancy at the 4e site also provide an
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electronic and geometric rationale for the observed distortions
of the PtsP trigonal prisms from ideality.

The as-synthesized powder shows a dark-gray color with a
metallic luster and is stable in air. The diffraction peaks from
the powder XRD pattern were well indexed without any
noticeable impurity peaks and match well with the theoretical
pattern generated from the structure of single-crystal XRD, as
shown in Figure 7.
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Figure 7. Powder XRD pattern with Miller indices for SrPtsP,.

The temperature-dependent resistivity, p(T), of the title
compound (Figure 8) at zero field, with a room temperature

1l o0 e
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Figure 8. Resistivity p(T) of StPtsP, from 0.4 to 290 K. Upper inset:
ac susceptibility on a pelleted sample from mutual inductance
measurements from 0.4 to 1.0 K. Lower inset: resistivity data under
different magnetic fields between 0.4 and 0.7 K.

value of 0.85 mQ-cm, decreases with temperature but with a
strong negative curvature, suggesting possible strong electron
correlation in the compound. The resistivity flattens between 8
and 0.6 K, and the residual resistivity is ~0.015 m&Q-cm. The
relatively high value of the residual resistivity ratio, p(290 K)/
p(5 K) = 56, suggests that the sample is of high quality. The
resistivity drops sharply to zero below 0.60 K, with a transition
width of less than 0.01 K at zero field, characteristic of a
superconducting transition. In the presence of a magnetic field,
the superconducting transition is systematically broadened,
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shifted to lower temperatures, and suppressed below 0.4 K at
100 Oe, as shown in the lower inset of Figure 8, suggesting a
relatively low upper critical field of the title compound. In
addition, the superconducting transition of SrPt,P, was
confirmed by the ac susceptibility measured through a mutual
inductance technique down to 0.4 K, using the Linear Research
LR 400 bridge. It displays a large and narrow diamagnetic shift
at ~0.6 K with a tail nearly flat at 0.4 K, as shown in the upper
inset of Figure 8, consistent with the p(T) results and
indicating the bulk superconducting nature of the materials.
To the best of our knowledge, this is the first Pt-based pnictide
superconductor with trigonal-prismatic building units.

4. CONCLUSIONS

In summary, a new ternary compound SrPtP, with a new
structure type is synthesized through high-temperature solid-
state reactions, and its crystal structure is determined by single-
crystal XRD. The unique cubic crystal structure features an
usual three-dimensional network of vertex-shared distorted
PtcP trigonal prisms analogous to the network of octahedral
(antiprism) units in cubic perovskites. Furthermore, the title
compound is isopointal, can be derived from the well-known
Sr(NO,), structure type, and thus can be regarded as an
intermetallic structural derivative of a common oxide. Super-
conductivity at 0.6 K is detected through both resistivity and
magnetic susceptibility measurements. Given the unique
crystallographic features of this perovskite-related structure
type, further studies on compounds with related structures, and
preferably with higher superconducting transition temperature,
are in progress.
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Crystallographic CIF file of SrPtcP,, details of the atomic
coordinates and equivalent isotropic displacement parameters
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