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The combination of experimental and theoretical investigation of two new Pt-rich intermetallic com-
pounds: APtgP> (A =Ca and La) is presented, including solid-state synthesis, crystal structure determi-
nation, physical properties characterization and chemical bonding analysis. APtgP; was obtained through
the high-temperature pellet synthesis. According to both single crystal and powder X-ray diffraction
results, APtgP, crystallize in the monoclinic DyPtgP,-type structure with space group 12/m (S.G. 12).
Crystal structure of APtgP; can be considered as intercalating multiple Pt layers into APt,P,. Magnetic
susceptibility measurement indicates diamagnetism of both compounds. The specific heat down to 1.8 K

Ke ds: . Lo . .
Cz{)‘t’:[l’,rz s shows no evidence for bulk superconductivity in either CaPtgP, and LaPtgP,. Electronic structure cal-
LaPtgP, culations match well with the observed structural stability and metallic behavior. The following Crystal

Solid-state synthesis Orbital Hamiltonian Population (-COHP) calculations suggest that the difference of Pt-Pt antibonding

Heat capacity
Bonding analysis

interaction could be the key factor that results in the shrinkage of c¢ axis in APtgP,.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Platinum-based intermetallic compounds are attractive in ma-
terials science due to a variety of applications such as heteroge-
neous catalysis and new superconductors [1—7]. Pt-based
superconducting materials receive remarkable attention for their
unique properties, especially the unconventional mechanism
behind the electron-phonon coupling and the coexistence of su-
perconductivity and other physical phenomena (Charge-Density-
Waves (CDWs), magnetism et al.) [8—25]. For example, the first
heavy-fermion superconductor with non-centrosymmetric crystal
structure was discovered in CePt3Si with T, ~0.75 K [15]. Another
heavy-fermion superconductor UPts shows multiple distinct
superconducting phases [14,26]. Recent study on layered SrPt,As;
with coexistence of superconductivity and CDWs shows that the
local split distortions of Pt atoms in PtAs layers plays a critical role
in driving the CDW instability as well as enhancing the supercon-
ductivity by softening phonon [27,28]. In addition to these uncon-
ventional superconductors, there are also interesting Pt-rich
superconductors, for example, noncentrosymmetric Li;Pt3B and
LaPt3Si [16,17]. Recently, a series of Pt-rich antiperovskite-type
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intermetallic compound, APt3P (A =Ca, Sr and La), which is closely
related to CePt3Si, were found to host strong coupling supercon-
ductivity with T, up to 8.4 K[29]. In 2016, Nishii's group synthesized
a new superconductor LaPtsAs at 10 GPa and the superconducting
temperature of LaPtsAs is 2.6 K [30]. The density functional theory
(DFT) calculations of LaPtsAs indicate that Pt layers play a signifi-
cant role in transporting the superconducting current in the layered
phase.

Herein, we report the synthesis of two newly-discovered Pt-rich
intermetallic compounds APtgP, (A=Ca and La) with the same
structure type as reported DyPtgP, [31]. The heat capacity mea-
surement shows no superconductivity down to 1.8 K. The bond
analysis suggests that the difference of Pt-Pt antibonding interac-
tion could lead to the shrinkage of c axis in APtgP; rather than bulk
superconductivity based on the hypothesis in our previous super-
conducting BaPt,Bi, paper that the strong antibonding interactions
may be critical for the superconducting state [32].

2. Experimental section
2.1. Preparation of polycrystalline samples of Ca(La)PtgP,

The polycrystalline samples of Ca(La)PtgP, are produced via
traditional solid-state method. Elemental calcium (>99.99%, gran-
ules, Beantown Chemical)/lanthanum (>99.9%, <200 mesh, Alfa
Aesar), platinum (99.98%, ~60 mesh, Alfa Aesar) and red


mailto:xgui2@lsu.edu
mailto:weiweix@lsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.05.239&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.05.239
https://doi.org/10.1016/j.jallcom.2019.05.239
https://doi.org/10.1016/j.jallcom.2019.05.239

54 X. Gui et al. / Journal of Alloys and Compounds 798 (2019) 53—58

phosphorus (99%, ~100 meshes, Beantown Chemical) were put into
an alumina crucible with the molar ratio of 1:5:1. An evacuated
glass tube with crucible inside was heated to 1050 °C in a Thermal
Scientific furnace and stay for 2 days. The furnace was turned off
after heating treatment and the tube was air-quenched. A piece of
metal-like chunk was obtained and stored in glovebox.

2.2. Phase identification and structure determination

A Rigaku MiniFlex 600 powder X-ray diffractometer (XRD)
equipped with Cu K, radiation (A = 1.5406 A, Ge monochromator)
was applied to determine the phases of CaPtgP, and LaPtgP,.
Scanning angle was set between 5 and 90° with a step of 0.005° at a
rate of 0.08°/min. The powder XRD patterns are fitted by Rietveld
method in Fullprof with the use of calculated pattern from single
crystal data [33].

Multiple pieces of crystals were measured under room tem-
perature by a Bruker Apex II diffractometer equipped with Mo ra-
diation (Ag,=0.71073 A). Samples protected by glycerol were
mounted on a Kapton loop. Seven different positions selected by
Bruker APEX3 software were utilized to determine a detailed set of
data. The measurement was performed with an exposure time of
10 s per image and a scanning 260 width of 0.5°. Structure solving
was carried out by using direct methods and full-matrix least-
squares on F> models with SHELXTL package [34]. Data acquisition
was made via Bruker SMART software with the corrections on
Lorentz and polarization effect done by SAINT program. Numerical
absorption corrections were accomplished with XPREP, which is
based on the face-index modeling [35,36].

2.3. Physical properties measurement

The measurement was performed by using Physical Property
Measurement System (Quantum Design PPMS). A standard relax-
ation calorimetry method was used and the data were collected in
zero magnetic field between 1.85 K and 300 K. The measurement
was performed by using ACMS option of Physical Property Mea-
surement System (Quantum Design PPMS) in DC mode with
applied magnetic field of 9 T.

2.4. Electronic structure calculations

2.4.1. Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres
Approximation (TB-LMTO-ASA)

Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres
Approximation (TB-LMTO-ASA) using the Stuttgart code was
applied to calculate Crystal Orbital Hamiltonian Population
(-COHP) curves which are able to identify bonding/antibonding
interaction for compounds [37—39]. All integrated values were
generated with a convergence criterion of 0.05 meV and a mesh of
164 k points [40]. In the ASA method, overlapping Wigner-Seitz
(WS) spheres were employed to filled the space where the sym-
metry of the potential is treated as spherical with a combined
correction on the overlapping part. The WS radii are: 2.148 A for Ca;
2.171 A for La; 1.363 A for Pt; and 1.278 A for P. Empty spheres are
required for the calculation, and the overlap of WS spheres is
limited to no larger than 16%. The basis set for the calculations
included Ca: 4s, 4p, 3d; La: 6s, 6p, 5d, 4f; Pt: 6s, 6p, 5p, 5d; and P: 3s,
3p, 3d wavefunctions. The 4p orbital of Ca, 6p orbital of La, 5p orbital
of Pt and 3d orbital of P atoms are automatically downfolded
determined by TB-LMTO-ASA program.

2.4.2. Electronic structure calculations
The band structure and density of states (DOS) of Ca(La)PtgP;
were calculated using the WIEN2k code, which has the full-

potential linearized augmented plane wave method (FP-LAPW)
with local orbitals implemented [41,42]. The structural lattice pa-
rameters obtained from experiments are used for the calculation.
For treatment of the electron correlation within the generalized
gradient approximation, the electron exchange-correlation poten-
tial was used with the parametrization by Perdew et al. (i.e. the
LDA) [43]. The conjugate gradient algorithm was applied and the
energy cutoff was 500eV. Reciprocal space integrations were
completed over a 10 x 5 x 10 Monkhorst-Pack k-points mesh [44].
With these settings, the calculated total energy converged to less
than 0.1 meV per atom.

3. Results and discussion

3.1. Crystal structure, phase and chemical composition
determination

Crystal structures of APtgP, (A = Ca & La) have been determined
identical with DyPtgP,, the only reported compound holding this
structure type [31]. Both CaPtgP; and LaPtgP, crystallize in space
group I 2/m (S. G.12). The crystallographic data are listed in Tables 1
and 2 & Table S1 in Supporting Information. It can be found that
with the substitution of M atoms from Ca (180 p.m.), which has a
smaller atomic radius, to La (195 p.m.), which has a larger atomic
radius, the lattice parameters of a & b and the unit cell's volume
were increasing [45]. However, the unit cell shrinks along c-axis in
LaPtgP,. The possible reason for this will be discussed in the
bonding analysis part. As shown in Fig. 1(A), the major frame of
Ca(La)PtgP; is constructed by the repeating units enclosed in red
lines which is infinite along b-axis. The repeating unit can be
described as Pt4-P6 layer sandwiched by two Pt1-Pt2-Pt3 layers. Ca/
La atoms are embedded inside the holes between every two
repeating units and collinear with two circled Pt4 atoms.

The phases of both samples are determined by Rietveld refine-
ment performed in Fullprof suite. The powder X-ray diffraction
(PXRD) pattern of CaPtgP,, as shown in Fig. 1(B), indicates that a
nearly pure phase was obtained based on the high-quality fitting.
According to Fig. 1(C), some undefined peaks were found which
implies impurities in LaPtgP, batch. However, majority peaks of
LaPtgP; can be fitted with the calculated pattern. Therefore, we can
basically tell that both crystal structures are consistent with the
PXRD pattern.

3.2. Physical properties measurements of Ca(La)PtgP»

Fig. 2 shows results of the heat capacity (C,) measurements,
plotted as C,/T vs T2, for CaPtgP, and LaPtgP,. Temperature

Table 1

Single crystal crystallographic data for APtgP, (A =Ca and La) at 293 (2) K.
Refined Formula CaPtgP, LaPtgP,
F.W. (g/mol) 1662.66 1761.57
Space group; Z 12]m; 2 12/m; 2
a(A) 9.221 (1) 9.296 (2)
b(A) 4.015 (1) 4.081 (1)
c(A) 9.669 (2) 9.668 (2)
B (%) 102.85 (3) 102.06 (3)
V (A3) 349.0 (1) 358.6 (1)
Extinction Coefficient 0.00032 (4) 0.00168 (9)
0 range (deg) 2.761-33.192 2.765—33.084
No. reflections; Rin¢ 4023; 0.0466 4118; 0.0524
No. independent reflections 749 759
No. parameters 36 36
R;: Ry (all 1) 0.0273; 0.0575 0.0264; 0.0675
Goodness of fit 1.027 1.175
Diffraction peak and hole (e~/A%) 3.616; —3.688 4.542; —6.744
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Table 2

Atomic coordinates and equivalent isotropic displacement parameters of APtgP,
(A =Ca, La) system under different pressures (Ueq is defined as one-third of the trace
of the orthogonalized Uj; tensor (A?)).

Atom Wyckoff. Occ. X y z Ueq
CaPtgPs:

Pt1 2c 1 0.3318 (1) 0 0.1786 (1) 0.0048 (1)
Pt2 2c 1 0.3447 (1) 0 0.4724 (1) 0.0047 (1)
Pt3 2c 1 0.0147 (1) 0 0.1636 (1) 0.0046 (1)
Pt4 2c 1 0.6435 (1) 0 0.2358 (1) 0.0052 (1)
Ca5 2c 1 Vs Vs 0 0.0076 (8)
P6 2c 1 0.2364 (4) 0 0.9408 (4) 0.0054 (7)
LaPtgP,:

Pt1 2c 1 0.3305 (1) 0 0.1785 (1) 0.0001 (1)
Pt2 2c 1 0.3451 (1) 0 0.4711 (1) 0.0001 (1)
Pt3 2c 1 0.0168 (1) 0 0.1652 (1) 0.0001 (1)
Pt4 2c 1 0.6433 (5) 0 0.2360 (1) 0.0002 (1)
La5 2c 1 Vs Vs 0 0.0003 (2)
P6 2c 1 0.2297 (4) 0 0.9392 (4) 0.0002 (6)

dependence of C, between 1.85 K and 300 K are shown in FIG. S1 in
Supporting Information. In both samples, no clear anomaly of the
specific heat was observed implying that both compounds are not
superconductors above 1.85K. The Ilow temperature
(1.85 K< T < 30K) experimental data were fitted using the formula
ColT = v+BT?, where the first and the second parameters are the
electronic and the lattice contribution to the specific heat, respec-
tively. The fits yield y(CaPtgP2)=13.6 (2) m] mol~' K72
v(LaPtgP;) = 15.5 (2) mJ mol~' K2, and B(CaPtgP,) = 1.304 (9) m]
mol~! K4, B(LaPtgP;) = 1.113 (8) mJ mol~! K~ With the use of
equation:

4 3
o = (*5-)

where R=28.31Jmol ' K~! and n = 11 for Ca(La)PtgP,, we can find
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Fig. 2. Heat capacity C,/T vs T2 without applied field measurements for CaPtgP, (top
panel) and LaPtgP, (lower panel). The red solid line represents the fitting of Cp,/
T = y + BT (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

the Debye temperature of ©p (CaPtgP;)=253.9 (6) K, 6Op
(LaPtgP,) = 267.6 (6) K. Due to the higher fitted Debye temperature,
we can determine that the atoms in LaPtgP, should be harder to
vibrate and the interaction between atoms in LaPtgP, is stronger
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Fig. 1. (A). Crystal structure of Ca(La)PtgP,. Green, grey, orange and pink balls represent Ca(La), Pt1/Pt2/Pt3, Pt4 and P atoms, respectively. (B). Powder X-ray diffraction (XRD)
pattern of CaPtgP; fitted by Rietveld method. (C). Rietveld fitting of powder XRD pattern for LaPtgP,. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 4. . (A). Crystal Orbital Hamiltonian Population (-COHP) curves of major interatomic interactions in Ca(La)PtgP,. (B). Visualization of major bonding/antibonding interaction in
crystal structure.
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Table 3
COHP order near Fermi level for both antibonding/bonding parts in Ca(La)PtgP,.
Order CaPtgP, LaPtgP,
Antibonding 1st Pt1-Pt2 (short) Pt1-Pt2 (short)
2nd Pt1-Pt3 (short) Pt1-Pt3 (short)
3rd Pt3-Pt4 Pt3-Pt4
4th Pt2-Pt3 (long) Pt4-Pt4
5th Pt4-Pt4 Pt2-Pt3 (long)
6th Pt4-P6 (short) Pt4-P6 (short)
Bonding 1st Ca5-P6 La5-P6
2nd Ca5-Pt4 Pt4-P6 (long)

than that in CaPtgP,, which will be further explained in bonding
analysis part.

Temperature dependence of magnetic susceptibility measured
under magnetic field poH = 9 T for LaPtgP; and CaPtgP; is presented
in FIG. S2. Both compounds show diamagnetic behavior down to
19K

3.3. Band structure & density of states (DOS) of Ca(La)PtgP,

The band structure and density of states (DOS) of both com-
pounds with considering spin-orbit coupling (SOC) effect are pre-
sented in Fig. 3. The conventional unit cells were used to construct
reciprocal lattice. The f orbitals of La atoms were included in the
band structure near 3.0 eV but omitted in DOS due to its less sig-
nificance and larger scale relative to other orbitals. Both band
structure and DOS are with the same pattern for both compounds
except that the Fermi level moves up in LaPtgP, because of more
electrons in La atoms. The d orbitals of Pt atoms contribute the most
around and below the Fermi level.

3.4. Bonding analysis of Ca(La)PtgP;

The results of Crystal Orbital Hamiltonian Population (-COHP)
calculation for major interactions of APtgP, and the visualization of
bonds are shown in Fig. 4(A) and (B). Six major antibonding in-
teractions and two significant bonding interactions in each com-
pound were selected into comparison. The order of COHP for Ca(La)
PtgP; near Eg is listed from the most-to the least contributed ones in
Table 3. When there are two types of bonds between two atoms,
they are labelled according to their relative bond lengths (long or
short).

3.4.1. Antibonding part

Pt1-Pt2 interaction are the most dominant antibonding com-
ponents. There are mainly two types of Pt1-Pt2 interaction which
are Pt1-Pt2 dimer and Pt1-Pt2 zig-zag chain. In CaPtgP,, Pt1-Pt2 zig-
zag chain with a shorter bond length, which is located within the
repeating unit, contributes the most. However, the Pt1-Pt2 dimer in
LaPtgP,, which is with short bond length locating between Pt1-Pt2-
Pt3 layers, becomes the most significant antibonding interaction.
Regarding the bond length of Pt1-Pt2 dimer, the one in LaPtgP; is
shorter than that in CaPtgP, which implies a stronger “interlayer”
interaction. This can be supported by the integrated COHP (ICOHP)
and ICOHP% value, which indicate the bond strength and the per-
centage of bond strength among all bonds, that ICOHP (ICOHP%) of
Pt1-Pt2 dimer in LaPtgP; is 2.044 (5.55%) vs 0.58 (1.80%) for the one
in CaPtgP; around Fermi level (Eg). Since Pt1-Pt2 dimer is along c-
axis, it can be speculated that the stronger Pt1-Pt2 dimer should be
the reason why latter parameter c in LaPtgP, is smaller than that in
CaPtgP,.

Pt1-Pt3/Pt3-Pt4 zig-zag chains locate within the repeating unit
and are the second/third most dominate antibonding interaction

for both CaPtgP, and LaPtgP,. Considering that the ICOHPY% of Pt4-P6
in CaPtgP; (9.16%) is larger than that in LaPtgP, (7.51%), we can
conclude that there are more bonding components in Pt4-P6.
Therefore, more electrons of Pt4 atoms are distributing in bonding
orbitals so that less electrons can be assigned to Pt4-Pt4 anti-
bonding part. This is the reason why antibonding Pt2-Pt3 zig-zag
chains contribute more at Eg than Pt4-Pt4 in CaPtgP, while the or-
der is reverse in LaPtgP,.

3.4.2. Bonding part

Ca(La)-P bonds are the strongest bonding interaction around Eg
to stabilize the structure. Ca5-Pt4 nets are the second strongest
bonding interaction in CaPtgP,. However, La5-Pt4 in LaPtgP, is an-
tibonding near Ep. This may due to the fact that with +2 valence
state, La has one more outermost electron to bond with sur-
rounding atoms so that more electrons can be assigned to La5-Pt4
antibonding orbitals. Therefore, La5-Pt4 antibonding interaction
can promote the bonding part of Pt4-P6 (long) since more electrons
can distribute between the longer Pt4-P6 bond [46]. Moreover, the
total ICOHP value of LaPtgP, is 36.86 eV while that of CaPtgP, is only
32.41 eV, which indicates that the total bonding strength in CaPtgP;
is not as strong as LaPtgP,, which further verified the higher Debye
temperature and the lower mobility of atoms in LaPtgP».

4. Conclusion

Two new Pt-rich intermetallic compounds, CaPtgP, and LaPtgP-,
were synthesized and the heat capacity measurements show no
transition peaks between 2 and 300 K which indicates there is no
superconductivity in both samples above 2 K. The band structure
and DOS suggest that d orbitals in Pt atoms are dominant near the
Fermi level. According to COHP calculation, we conclude that the
difference of both types of Pt1-Pt2 antibonding interaction could be
the reason why the lattice parameter c of LaPtgP, is shorter than
that of CaPtgP,.
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