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Synthesis, magnetic and NMR spectroscopic
properties of the MALlsPt; series (M = Ca, Y, La—Nd,
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Following recent investigation in the ternary system Sr—Al-Pt led to the discovery of SrAlsPts which crys-
tallizes in the orthorhombic YNisSis type (Pnma) structure. Interestingly, only two more aluminum repre-
sentatives, CeAlsPts and EuAlsPts, have been reported to adopt this structure type. Therefore, we decided
to investigate the existence range of compounds adopting the YNisSis type structure. Besides the already
known Sr, Ce and Eu members, the series could be extended to Ca, Y and La—Nd as well as Sm—Er. All
compounds were synthesized from the elements and characterized by powder X-ray diffraction. While for
CaAlsPts and LaAlsPts also the respective MyAligPtys members were observed, the other compounds could
be obtained either as X-ray pure materials or with small amounts of AlzPt, as a side phase. The structure
of ErAlsPts could be refined from single crystal data, verifying that also the small rare-earth elements
adopt the YNisSis type structure. Selected members of the series were furthermore characterized by mag-
netization and susceptibility measurements. Since YAlsPts could be obtained as a phase pure material and
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measurements were conducted on this compound to gain an insight into the charge distribution. Finally,
quantum-chemical calculations supported the NMR measurements and gave an insight into the chemical
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1 Introduction

Cerium, europium and ytterbium intermetallics often exhibit
interesting physical properties due to their two possible oxi-
dation states. For cerium Ce** ([Xe] 4f") and Ce*" ([Xe] 4f°) are
known while europium exhibits Eu®** ([Xe] 4f®) and Eu** ([Xe]
4f7) and ytterbium Yb** ([Xe] 4f™) and Yb*" ([Xe] 4f'*). Of
these, Ce*" and Yb®" are diamagnetic due to their empty and
full 4f shell, respectively."”> Eu®>" has a half-filled 4f shell (S = 7/
2, isoelectronic to Gd**) and therefore exhibits a high magnetic
moment of figeo = 7.94u. For Eu®* (S = 3, L = 3) in total seven
states of the multiplet “F; exist with the ground state being F,.
The ground state is diamagnetic due to spin-orbit coupling.
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bonding and the charge distribution.

However, the lowest state is only solely considered when the
separation of the multiplet components is sufficiently large
compared to kgT. Therefore, the contributions of the different
components of the multiplet have to be taken into account for
higher temperatures. The paramagnetic susceptibility can be
expressed with the help of the Van Vleck theory.® The avail-
ability of a second oxidation state, however, can result in
numerous interesting physical phenomena. Static mixed
valence states can be found (Eu;Oy,"® EusS,,” or EuPPt®) as
well as intermetallic valence fluctuation materials (e.g.
CeAl;,>'°  Yb,Ga,,Pty,'"  CeMo,Si,C,'>  CeAlRu;_,Ni,,"
Ce,SnsRh, " CeCu,Siy, "> EuCu,Sis,*>'® YbCu,Si, *°). A rather
rare feature is a temperature or pressure dependent valence
phase transition. Well known transitions of this type are e.g.
the ones from metallic a-Ce to y-Ce,'” where electron localiz-
ation takes place, accompanied by a drastic volume effect. In
EuPPt,'® EuCo,As, and YbAI; pressure dependent shifts of the
Eu/Yb valence are observed.'®?° Finally, CeNi;_,Co,Sn,”" and
Yb;_,In,Cu,>*>* exhibit at least partial temperature dependent
valence phase transitions. EuSi,Pd,,>*® EuSi,(Ir;_,Pd,),,>’
EuSiy(Pd;_,Au,),”® Eu,AlisPte*® and YbAILPd,*° all show
valence phase transitions in different expressions. Some review
articles summarize at least some aspects of intermetallic
cerium,’° europium®” and ytterbium®® intermetallics.

This journal is © The Royal Society of Chemistry 2024
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Recently, we reported on a new compound in the ternary
system Sr-Al-Pt, SrAl;Pt;* which adopts the orthorhombic
YNi;Si; type structure (Pnma).*° It is furthermore isostructural
to CeAlsPt; and EuAlsPt;. The europium compound shows
antiferromagnetic ordering and an interesting change in elec-
tronic states under pressure.’’ Since three compounds are
known to crystallize in the same structure type, the question
arose if other rare-earth or alkaline-earth members can be syn-
thesized. Here we report that the series could be extended to
Ca, Y and La-Nd as well as Sm-Er. All compounds were syn-
thesized from the elements and characterized by powder X-ray
diffraction. The structure of ErAlsPt; was refined from single
crystal data, YAl;Pt; was investigated by *’Al MAS NMR
measurements. Furthermore, XPS measurements were con-
ducted on YAlsPt; and Al;Pt, and quantum-chemical calcu-
lations supported the NMR measurements and gave an insight
into the chemical bonding and the charge distribution.

2 Experimental
2.1 Synthesis

All members of the MAI;Pt; series were prepared from the
elements using calcium pieces (Onyxmet), rare earth ingots
(Onyxmet), platinum (Agosi AG) and aluminum pieces
(Onyxmet), all with stated purities above 99.5%. Samples were
prepared on a 100 to 150 mg scale. The early rare earth
elements were stored under an argon atmosphere in a dry box
(MBraun, Garching, Germany). In all cases, the starting
materials were arc-melted*” in a custom build arc-melting
apparatus in a water-cooled copper hearth under 800 mbar
argon pressure using the ideal ratios of M : Al: Pt (1:5:3). To
achieve homogeneous samples, the arc-melting was repeated
three times and the buttons were turned over in between. For
calcium and europium, the pieces were wrapped in aluminum
foil (Alujet, Mammendorf, Germany). In all cases, no signifi-
cant evaporation was observed, as determined by weighing the
arc-melted beads after the reaction. The argon gas was purified
over a titanium sponge (873 K), molecular sieves, activated
carbon and silica gel prior to the use. Subsequently, the
samples were enclosed in evacuated silica tubes and annealed
in muffle furnaces. They were heated to 973 K within two
hours and then kept at this temperature for 14 days.
Afterwards they were cooled to room temperature with 2 K h™".
All samples are metallic, ground powders (particle size
>100 pm) are grey and insensitive to air over months.

2.2 X-ray diffraction

The pulverized samples were investigated at room temperature
on a D8-A25-Advance diffractometer (Bruker, Karlsruhe,
Germany) in Bragg-Brentano 6-6-geometry (goniometer radius
280 mm) with Cu K,-radiation (1 = 154.0596 pm). Diffraction
patterns were recorded between 6 and 130° 26 with a step size
of 0.013° and a total scan time of 1 h. A 12 um Ni foil working
as Kg filter and a variable divergence slit were mounted at the
primary beam side. A LYNXEYE detector with 192 channels
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was used at the secondary beam side. The recorded data was
evaluated using the Bruker TOPAS 5.0 software,”® with the
observed reflections being treated via single-line fits. The
refined lattice parameters are given in Table 1. Powder patterns
of all samples are depicted in Fig. S1-S12.}

Lath shaped crystal fragments of ErAl;Pt; were obtained
from the as-cast buttons. The crystals were glued to glass
fibers using beeswax. An intensity data set of a suitable crystal
was collected at room temperature using a Bruker X8 APEX2
diffractometer (Bruker, Karlsruhe, Germany). A multi-scan
absorption correction using SadABS*® was applied to the data
set. All relevant crystallographic data, deposition and details of
the data collection and evaluation are listed in Tables 2-4.

CSD 2349082 contains the supplementary crystallographic
data for this paper.t

2.3 Scanning electron microscopy

The powdered bulk samples of NdAl;Pt;, GdAlsPt; and
ErAl;Pt; were attached to a sticky carbon tape and semiquanti-
tatively analyzed in a JEOL 7000F (Jeol, Freising, Germany)
scanning electron microscope (SEM) equipped with an EDAX
Genesis 2000 energy-dispersive X-ray spectroscopy (EDX) detec-
tor (EDAX, Unterschleissheim, Germany). Results are listed in
Table 5.

2.4 Magnetic measurements

Annealed pieces or powder of the respective X-ray pure
REAI;Pt; (RE =Y, Ce-Nd, Gd-Ho) samples were attached to the
sample holder rod of a Vibrating Sample Magnetometer (VSM)
using Kapton-foil or PE capsules for measuring the magnetiza-
tion M(H,T) in a Quantum Design Physical Property

Table 1 Lattice parameters (powder, single crystal and literature data),
and unit cell volumes of the members of the MALsPt; series as well as
selected structurally related compounds

Compound  a (pm) b (pm) ¢ (pm) V(nm®)  Ref.
CaAl,Pt, 2050.3(1)  409.0(1)  736.4(1) 0.6175 ¢
SrAl;Pt;5¢  2065.04(7)  413.74(1) 738.98(3)  0.6314 39
SrAlPt,"*  2067.07(6)  414.16(2) 739.88(3)  0.6334 39
YAL;Pt;” 2052.8(1)  406.7(1)  728.7(1) 0.6084 ¢
LaAl;Pt;” 2068.7(1)  415.5(1)  732.2(1) 0.6293 ¢
CeAl;Pt;" 2065.1(4)  413.81(8)  728.42(15) 0.6225 40
CeAl;Pt;" 2063.9(1)  414.0(1)  730.1(1) 0.6239 ¢
PrAl;Pt;” 2061.4(2)  413.0(1)  729.6(1) 0.6212 ¢
NdAL;Pt;” 2059.9(1)  412.1(1)  729.3(1) 0.6190 ¢
SmAI;Pt;" 2057.0(1) 410.2(1) 728.5(1) 0.6148 “
EuAlL;Pt;" 2066.2(3)  412.58(6) 738.16(11)  0.6293 41
GdAl;Pt;" 2055.3(2)  408.7(1)  728.3(2) 0.6117 ¢
TbAL;Pt;” 2052.9(1)  407.7(1)  728.2(1) 0.6095 ¢
DyAl;Pt;" 2051.5(1)  406.7(1)  728.5(1) 0.6079 ¢
HoAL;Pt;" 2050.4(1)  405.9(1)  729.1(1) 0.6067 ¢
ErAl;Pt;" 2048.4(1)  405.1(1)  729.3(1) 0.6052 ¢
ErAl;Pt;°¢  2045.82(6)  404.40(1)  728.45(2)  0.6027 ¢
CaGasPt;"  2082.5(4)  406.05(8)  739.2(1) 0.6251 44
SrGasPt;" 2092.3(1)  413.16(2) 740.88(3)  0.6404 45
BaGasPt;"  2104.8(2)  420.15(4) 747.7(1) 0.6612 44
BaGasPt;"  2104.3(2)  420.11(5) 747.80(8)  0.6611 45
EuGasPt;"  2085.5(5)  412.75(9)  738.7(1) 0.6359 44

“This work; " literature data; © powder data; 5 single crystal data.
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Table 2 Crystallographic data and structure refinement for ErAlsPts
(YNisSis type, space group Pnma, Z = 4)

CSD number 2349082

Sum formula ErAl;Pt;

Formula weight, g mol™* 887.4

Lattice parameters see Table 1

Calcd density, g cm™ 9.78

Crystal size, um? 120 x 40 x 30

Diffractometer Bruker X8 APEX2

Wavelength; 4, pm 0.71073

Absorption correction Multi-scan
Bruker SadABS

Abs. coefficient, mm ™ 83.8

F(000), e 1468

6 range, ° 2.97-33.15

Range hkl —31, +21; +6; —10, +11

Total no. reflections 8867

Independent reflections/R;,, 1279/0.0636

Reflections I > 36(I)/Rs 950/0.0494

Data/parameters 1279/56

Goodness of fit on F* 1.09

Ry/WR,, for I > 30(I)
R,/WR, (all data)

0.0291/0.0594
0.0457/0.0650

Extinction coefficient 31(7)
Extinction scheme X Lorentzian isotropic®’
Larg. diff. peak/hole, e A~ +3.64/—2.64

Measurement System (PPMS2) or a Quantum Design PPMS
DynaCool system. All samples were investigated in the temp-
erature range of 3-300 K or 1.9-300 K with applied external
magnetic fields of up to 80/90 kOe. The results of the magnetic
measurements are given in Table 6.

2.5 *’Al solid-state NMR spectroscopy

The >’Al MAS-NMR spectra of YAl;Pt; were recorded at
104.31 MHz on an Avance III 400 WB spectrometer (Bruker,
Billerica, US; 9.4 T) using magic-angle spinning (MAS) con-
ditions. The sample was ground to a fine powder and mixed
with an appropriate amount of NaCl (sample : NaCl = 1:9), to
reduce the density and the electrical conductivity of the
sample. The diluted sample was loaded into a cylindrical ZrO,
rotor with a diameter of 4 mm and spun at the magic angle
with a frequency of 10/13 kHz. A single-pulse experiment with
a typical pulse length of 0.83 ps and a relaxation delay of 1 s

View Article Online
Dalton Transactions
Table 4 Interatomic distances (pm) in of ErAlsPts (YNisSiz type, space

group Pnma). All distances of the first coordination spheres are listed.
Standard deviations are equal or smaller than 0.2 pm

Er 2 Pt3 315.5 All 1 pt1 251.4
2 Pt1 316.2 1 Pt2 263.4

2 Pt2 317.2 2 Pt1 264.1

1 Al5 318.0 2 Al5 274.3

2 Al2 3214 2 All 278.6

1 Al3 337.8 1 Al4 306.9

2 All 337.8 Al2 1 Pt3 252.1

2 Al3 338.2 1 Pt1 258.9

1 Al4 348.9 2 pPt3 260.0

1 All 352.4 1 Al3 280.4

1 Al2 357.3 2 Al3 287.1

Pt1 1 Al5 246.9 2 Al4 293.3
1 All 251.4 Al3 1 pPt3 247.2

1 Al2 258.9 1 Pt2 251.9

2 Al4 263.6 2 Pt3 255.0

2 All 264.1 1 Al2 280.4

1 pt2 308.4 2 Al2 287.1

Pt2 2 Al5 248.4 2 Al4 310.7
1 Al3 251.9 Al4 1 Pt3 251.3

1 Al5 252.2 2 Pt1 263.6

1 All 263.4 2 pt2 269.9

2 Al4 269.9 1 Al5 284.4

1 Ptl 308.4 2 Al2 293.3

Pt3 1 Al3 247.2 1 All 306.9
1 Al4 251.3 2 Al3 310.7

1 Al2 252.1 2 Al5 342.7

2 Al3 255.0 Al5 1 Pt1 246.9

2 Al2 260.0 2 Pt2 248.4

1 pt2 252.2

2 Al5 2721

2 All 274.3

1 Al4 284.4

Table 5 SEM-EDX data of selected members of the REAlsPts series.
Standard deviations are +2 at%

Compound RE (at%) Al (at%) Pt (at%)
Ideal composition 11.1 55.6 33.3
NdAI5Pt, 10 55 35
GdAL;Pt, 11 53 36
ErAl;Pt, 11 55 34

Table 3 Atomic coordinates and displacement parameters (in pm?) of ErAlsPts (YNisSis type, space group Pnma, all atoms on Wyckoff positions 4c:

x, 1/4, 2)

Atom x z U, U,, Us;z Uz Ueq*
Er 0.36014(3) 0.87991(8) 81(3) 74(3) 101(3) 7(2) 85(3)
All 0.0076(2) 0.3702(5) 57(2) 67(2) 71(3) -1(2) 65(2)
A2 0.2011(2) 0.6766(5) 54(2) 60(2) 82(2) 1(2) 65(2)
Al3 0.2081(2) 0.0610(5) 70(2) 50(2) 69(2) 1(2) 63(2)
Al4 0.3809(2) 0.3553(5) 55(17) 54(18) 68(18) -5(13) 59(18)
Al5 0.4842(2) 0.6168(5) 70(17) 79(19) 47(18) —-6(13) 65(18)
Pt1 0.07482(2) 0.65917(7) 73(17) 36(18) 78(19) 16(14) 62(18)
Pt2 0.08523(2) 0.08160(7) 24(16) 18(16) 76(18) 5(13) 39(17)
Pt3 0.25819(2) 0.36976(7) 57(17) 69(18) 87(19) —1(14) 71(18)

“The isotropic displacement parameter Ueq is defined as: Ueq = 1/3 (Uyy + Usp + Uss) (pm?); Uy, =

parentheses.

12178 | Dalton Trans., 2024, 53, 12176-12188

U,; = 0. Standard deviations are given in
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Table 6 Physical properties of the REALlsPtz (RE = Y, Ce—Nd, Gd—Ho) series: Ty, Néel temperature; pe¢, effective magnetic moment; Lineo. theore-
tical magnetic moment; 0p, paramagnetic Curie temperature; H, critical field for meta-magnetic transition; ps,t, experimental saturation magneti-

zation; gy X J, theoretical saturation magnetization

Compound Ty (K) Hesr (UB) Hiheo (48) 0p (K) Heie (kOe) Jsae (4B/RE®") g %J (u/RE*)
YAI;Pt, Pauli-paramagnetic, non-superconducting, (300 K) = +8.63(1) x 10> emu mol ™"

CeAl;Pt; — 2.76(1) 2.54 -41(1) — 0.99(1)* 2.14

PrAl;Pt; — 3.69(1) 3.58 -13(1) 4.4(1) 2.28(1) 3.20

NdAl;Pt; 5.1(1) 3.82(1) 3.62 +18(1) 26.7(1) 2.98(1)* 3.27

GdAl;Pt, 8.7(1) 7.99(1) 7.94 -7(1) — 2.98(1)" 7

TbAl;Pt; 15.3(1) 9.49(1) 9.72 +16(1) 33.2(1) 5.36(1)° 9

DyAl;Pt; 5.8(1) 10.83(1) 10.65 +9(1) 9.8(1) 7.85(1) 10

HoAl;Pt; 2.4(1) 10.95(1) 10.61 +19(1) 5.1(1) 8.78(1)* 10

71.8 K, 90 kOe. ? 3 K, 80 kOe.

Table 7 Summary of the NMR observables of YAlsPts;, extracted from
the DMFit simulation of the Al MAS-NMR spectra with 5 being the
resonance (in ppm), Cq the quadrupolar parameter (in kHz), nq the
asymmetry parameter and G/L the Gaussian to Lorentz ratio.
Theoretically calculated values from DFT are given with the subscript
calc

Site 5 FWHM Cqcale 1Qtheo
Signal 1 693 31 — —
Signal 2 642 24 — —
Signal 3 602 13 — —
Signal 4 567 17 — —
Signal 5 510 14 — —
Al (4¢) — — —2484 0.771
Al2 (4¢) — — —~1642 0.523
Al3 (4¢) — — -2302 0.425
Al4 (4¢) — — +3819 0.519
Al5 (4¢) — — +5487 0.690

was conducted. Resonance shifts were referenced to aqueous
1 molar AICI; solutions. The NMR-spectra were recorded using
the Bruker TOPSPIN software,*® the analysis was performed
with the help of the DMFIT program package.*’ The extracted
data is compiled in Table 7.

2.6 X-ray photoelectron spectroscopy (XPS)

For XPS experiments an ESCALab MKk II spectrometer by Vacuum
Generators with non-monochromatic Al-K, radiation (hw =
1486.6 eV) was used. The original 150°-type hemispherical ana-
lyzer with a three channeltron detector system was replaced by
a 180°-type PreVac EA 15 analyzer with a multichannelplate
detector. All spectra were recorded in normal emission mode
(polar angle 9 = 0°) at a pass energy of 50 eV for survey spectra
and 20 eV for detail spectra. The step widths in binding energy
were 1.0 eV for survey spectra and 100 meV for detail spectra.
Powders of Al;Pt, and YAl;Pt; were pressed to pellets (dia-
meter approx. 4 mm) and glued by a conductive carbon tape

on an Al sample holder (diameter slightly lower than 4 mm to
avoid spectral features from the sample holder and the tape).
Due to the strong charging of the Al;Pt, and YAl;Pt; samples
the C 1s peak was used for calibration of the binding energy
Eg, i.e. all spectra were shifted in binding energy by A = Eg(C 1s) —
Eg(C 1spyopg) With Ep(C 1syops) = 284.3 €V as probed on an
in situ cleaved HOPG sample (Highly Oriented Pyrolytic
Graphite). Pt 4f and Al 2s reference spectra were recorded on a
sample from a Pt foil (cleaned by Ar ion etching) and an Al
sheet (with the oxide only partially removed by Ar ion etching),
respectively.

2.7 Quantum-chemical calculations

Density functional theory (DFT) calculations of YAl;Pt; were
performed using the projector augmented wave method (PAW)
of Blochl’®* coded in the Vienna ab initio simulation package
(VASP).>>>? All VASP calculations employed the generalized gra-
dient approximation (GGA) with exchange and correlation
treated by Perdew-Burke-Enzerhof (PBE).>* The cut-off energy
for the plane wave calculations was set to 500 eV and the
Brillouin zone integration was carried out using 3 x 15 x 9
k-point meshes. NMR parameters were evaluated through the
field gradient tensor calculations in VASP with the nuclear
quadrupole moment of 146.6 mb for *’Al. The Bader charge
analysis was based on VASP calculations with subsequent cal-
culations using the Bader program developed by the
Henkelman group.®*™” Results of the Bader charge calcu-
lations are listed in Table 8. Chemical bonding was assessed
via crystal orbital Hamiltonian population (COHP) analysis
using the Stuttgart version of the tight-binding, linear muffin-
tin orbital (TB-LMTO) method with the atomic spheres
approximation.’® Within TB-LMTO, exchange and correlation
were treated using the von Barth-Hedin local density approxi-
mation (LDA). All relativistic effects except for spin-orbit
coupling were taken into account using a scalar relativistic

Table 8 Bader charges in YAlsPts from non-spin-polarized DFT calculations

YAI;Pt, Y All Al2 Al3

Al4 Al5 pt1 pPt2 Pt3

Charge +1.25 +0.76 +0.79 +0.91

This journal is © The Royal Society of Chemistry 2024

+0.93 +0.93 —1.80 —1.80 -1.98
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approximation.®® The basis sets were 5s/(5p)/4d/(4f) for Y, 6s/
6p/5d/(5f) for Pt, and 3s/3p/(3d) for Al, with orbitals in par-
entheses down-folded.®® The Brillouin zone was sampled by
280 k-points. Results of bonding analysis are summarized in
Table 9.

3 Results

3.1 Powder X-ray diffraction

All samples were prepared with the nominal composition of
MAI;Pt; (M = Ca, Y, La-Nd, Sm-Er) in analogy to SrAlsPt;,*
EuAl;Pt;,*! and CeAl;Pt;.*° The powder X-ray diffraction pat-
terns clearly indicate the formation of the title compounds as
well as them being isostructural to their Sr/Eu/Ce analogues.
Most of the compounds could be obtained as X-ray pure

Table 9 Atomic interactions/distances and their corresponding inte-
grated COHPs (ICOHPs) in eV per bond and eV per fu. of YAlsPts
(YNisSis type, space group Pnma, Z = 4). All interactions/distances of the
first coordination spheres are listed

Interaction Counts Distance ICOHP/bond ICOHP/f.u.
Y-Pt1 2 318.1 —0.65 —1.30
Y-Pt2 2 319.2 —0.65 —-1.30
Y-Pt3 2 318.2 —0.62 —1.23
Y-Al1 2 339.3 —0.40 —0.81

1 353.3 —0.30 —0.30
Y-AlI2 2 322.5 —0.51 —-1.02

1 358.5 —-0.29 —-0.29
Y-Al3 2 336.4 —0.48 —0.95

1 339.8 —0.37 —0.37
Y-Al4 1 347.6 —0.36 —0.36
Y-Al5 1 319.0 —0.46 —0.46
Sum —8.40 (14.3%)
Pt1-Al1l 1 251.9 —-2.19 -2.19

2 264.8 -1.74 —3.48
Pt1-Al2 1 259.3 —-1.96 —-1.96
Pt1-Al4 2 263.7 -1.91 —-3.81
Pt1-Al5 1 246.2 —2.25 —2.25
Pt2-Al1 1 264.0 —1.80 —1.80
Pt2-Al3 1 252.5 —-2.36 —-2.36
Pt2-Al4 2 270.8 -1.73 —-3.47
Pt2-Al5 2 249.1 —2.17 —4.35

1 252.1 —2.05 —-2.05
Pt3-Al2 1 252.9 —2.07 —2.07

2 261.2 —-1.81 —3.63
Pt3-Al3 1 247.7 —2.21 —2.21

2 255.8 —-1.98 -3.97
Pt3-Al4 1 250.2 —2.32 —2.32
Sum —39.6 (67.4%)
Pt1-Pt2 1 306.5 —0.65 —0.65
Sum —0.65 (1.10%)
Al1-Al1 2 279.5 —-1.09 -2.19
Al1-Al4 1 306.8 —0.63 —0.63
Al1-Al5 2 275.2 —-1.14 —-2.29
Al2-Al3 1 282.4 —0.84 —0.84

2 288.7 —-0.84 —1.68
Al2-Al4 2 292.5 —0.80 —-1.61
Al3-Al4 2 314.0 —0.41 —0.82
Al4-Al5 2 284.8 —0.98 —-1.95

1 344.0 —-0.07 —0.07
Al5-Al5 2 272.9 —-0.11 —0.22
Sum —10.1 (17.2%)
Overall ICOHP —58.8
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materials crystallizing in the orthorhombic YNi;Si; type struc-
ture (Pnma).®’ But especially for lanthanum and calcium,
orthorhombic M,Al Pty (Immm, Ce,Al;cPty type)®* could be
identified as a side phase. In some cases, also trigonal Al;Pt,
(P3m1, Al;Ni, type)®*®* was observed as binary by-product. In
many cases, annealing led to X-ray pure samples or a drastic
reduction of the Al;Pt, amounts to <2 mass%. Fig. 1 depicts
the trend of the unit cell volumes plotted versus the ionic
radius of the respective metal ions. Most of the rare earth
cations exhibit a trivalent oxidation state, however, europium
and the alkaline earth metals are divalent in these compounds
as can be seen from the significantly larger unit cell volumes.
Also, the isostructural MGasPt; (M = Ca, Sr, Eu, Ba)**** exhibit
slightly larger unit cells as shown in Table 1 and Fig. 1.

3.2 Single crystal X-ray diffraction and structure refinement

Analysis of the obtained single crystal X-ray diffraction data of
ErAl;Pt; revealed an orthorhombic lattice and space group
Pnma was found to be correct. The structure was solved using
the charge flipping algorithm of Superflip®® and a least
squares refinement on F using the program Jana2006 ***” was
carried out. All atomic positions were refined with anisotropic
displacement parameters and as a check for correct compo-
sitions, the occupancy parameters were refined in a separate
series of least-square refinements. All sites were fully occupied
within three standard deviations leading to the targeted com-
positions. Final difference Fourier syntheses were contour less.
From the Pearson database,’® isotypism with CeAl;Pt; *° adopt-
ing the YNi;Si; type®" was deduced. In contrast to UFesAs; and
related compounds no twinning was observed.®® Details of the
structure determination, atomic parameters and interatomic
distances can be found in Tables 2-4. When looking at the
refined anisotropic displacement parameters (ADP) of the
atoms, Er exhibits a value of 85 pm?, which is larger than the

0.665 //
l o MALPt,
T = M'ALPt, T
0.64 M'GagPt,
0635 |-
oSr
~ 063} oL
r La
£0625} =
- aPr
062 | Ce = Nd
3 [ 4
0615 | Ca M
061 | Gd" J oy
r D Er
0.605 |- Yo,
Tm
P | yn 1 1 1 " 1 1 1 n 1 1 1

0.6 f/
150 145 125 120 115 110 105 100

rionic (pm)
Fig. 1 Plot of the unit cell volumes (in nm®) for the MAIsPt5 series (M =
Ca, Sr, Y, La=Nd, Sm—Er) versus the M"* radius (in pm). Formally divalent

metal atoms are depicted in green, trivalent ones in black, the members
of the gallium series are shown in orange.
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one of Pt and Al. This might be explained by the fact that
ErAlsPt; is the last compound of this series, leading to the
assumption that the Er atoms rattle inside the cavities of the
polyanionic framework, leading to an increased ADP.

CSD 2349082 contains the supplementary crystallographic
data for this paper.t

3.3 Crystal chemistry

All members of the MAIsPt; series crystallizes in the ortho-
rhombic crystal system with space group Pnma (0P36, ¢°) and
are isostructural with the aluminum representatives CeAlsPt;,
EuAlsPt; and SrAlsPt;.>°*! Besides the aluminum compounds
also several gallium compounds MGasPt; (M = Ca-Ba, Eu)***
have been reported, having the corresponding composition.
These compounds, however, should not be considered iso-
structural to the prototypic YNisSi; structure,®" but rather iso-
pointal. Especially since the [NisSi,]>~ polyanion exhibits a
different transition metal to main group element ratio, com-
pared to the respective platinides of aluminum and gallium.
Fig. 2a exemplarily depicts the crystal structure of YAl;Pt;
as projection along [010]. The Y atoms exhibit a slightly dis-
torted hexagonal prismatic coordination environment with an
alternating arrangement of the Al and Pt atoms within the
hexagon, but a congruent arrangement of top and bottom face
is observed (Fig. 3). The Y@AIlcPts form strands along [010] via
condensation of their hexagonal faces. Within the prism, the
interatomic Y-Al distances range between 322 and 342 pm,
while the Y-Pt distances are between 328 and 330 pm.
Both, the Y-Al and Y-Pt distances are in line with the ones
found in binary intermetallics e.g. YAl, (MgCu, type, 325-340
pm7”%), YAl; (Mg;Cd type, 302-310 pm~’'), YPt, (MgCu,
type, 314-328 pm "°) or YPt; (CusAu type, 288 pm "*) as well as
with the sum of the covalent radii (Y + Al = 162 + 125 =

View Article Online

Paper

Pt1 Pt2 Pt3

Fig. 3 Coordination environments surrounding the Y, Pt and Al atoms
in the structure of YAlsPts. Sr, Pt and Al atoms are shown as green, white
and black circles, respectively. Wyckoff sites, site symmetries and intera-
tomic distances (in pm) are given.

e

Fig. 2 Unit cell of YAlsPts as projection along [010] (a) highlighting the polyanionic [AlsPts]®~ framework (the shortest Al-Pt interactions are empha-
sized in blue) and (b) using X@M,T, prisms to illustrate the structure (the interactions forming the prisms are highlighted in blue and purple). Y, Al

and Pt atoms are shown in green, white and black circles, respectively.
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287 pm; Y + Pt = 162 + 129 = 291 pm ”*). Similar distances can
be observed in ternary compounds of the Y-Al-Pt system like
YAIPt (TiNiSi type, Y-Al: 308-336 pm; Y-Pt: 257-267 pm),”*
YALPt (MgAl,Cu type, Y-AlL: 287-305 pm; Y-Pt: 287-308 pm),”®
Y,Al,Pty (own type, Y-Al: 304-321 pm; Y-Pt: 328-336 pm),”®
YAL;Pt, (own type, Y-Al: 329-348 pm; Y-Pt: 301-316 pm),””
YALPt; (ZrAl;Ni, type, Y-Al: no contacts; Y-Pt: 288-302 pm),”®
Y,AIPt (Gd,InRh type, Y-Al: 324-348 pm; Y-Pt: 281-347 pm)’®
or Y;0Al;Pt (Y1oCdsRu type, Y-Al: 324-348 pm; Y-Pt: 275 &
349 pm).%°

The [Al;Pt;]°~ polyanion is formed by five crystallographi-
cally independent aluminum and three platinum sites (Fig. 2).
All Pt sites exhibit a coordination number of seven with a
highly asymmetrical coordination environment and intera-
tomic Al-Pt distances between 247 and 270 pm. These agree
well with those in binary (AlPt: 248-273 pm;®®* AlLPt: 256
pm;® AL Pt,: 255-286 pm ®*°!) and ternary intermetallics
(YAIPt: Al-Pt 308-336 pm,”* YALPt: Al-Pt 287-305 pm,”
YAL;Pt,: Al-Pt: 329-348 pm ”’) as well as with the sum of the
covalent radii (Pt + Al = 129 + 125 = 254 pm ”?). The respective
homoatomic distances (YAlsPt;: Pt-Pt: 306 pm; Al-Al: 273-293
pm) agree with what is observed in elemental Al (286 pm *%),
therefore suggesting partial bonding contributions while the
Pt-Pt distances are significantly longer compared to the dis-
tances found in the elemental Pt (277 pm *°) or the sum of the
covalent radii (Al: 250 pm; Pt: 258 pm).”* Another possibility to
describe the YNi;Si; type structure, especially when compared
to other structure types of the same stoichiometry MT5sX; such
as the UFesAs;, the LaCosP;, the UCo5Si; or the YCosP; type
structures, is to use trigonal prisms surrounding the As, P or Si
atoms. These X@M,T, prisms condense via common M, or T,
edges to form “shamrock” like structures that are further con-
densed. One possibility is to form chains are linear in the case
of the YNi;Si; type structure (Fig. 2b). A more detailed descrip-
tion can be found in a recent publication.®’

3.4 Scanning electron microscopy

Powders of NdAl;Pt;, GdAlsPt; and ErAl;Pt; were investigated
by SEM-EDX. The average of three point measurements are
given in Table 5 and are in good agreement with the ideal
composition (11.1 at% M, 55.6 at% Al, 33.3 at% Pt). The
slight deviations can be explained by the irregular sample
surface and the not perfect perpendicular orientation of the
powder towards the beam. No impurity elements heavier
than sodium (detection limit of the instrument) were
detected.

3.5 Magnetic measurements

YAI;Pt; is, as expected, a Pauli-paramagnetic material with a
positive susceptibility since the Pauli contribution originating
from the conduction electrons overcompensates the intrinsic
diamagnetism. No superconductivity was observed at 20 Oe
down to 2.5 K.

All other X-ray pure members of the REAI;Pt; series (RE =Y,
Ce-Nd, Gd-Ho) exhibit an open-shell 4f electron configuration
leading to paramagnetic behavior. Their effective magnetic
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Fig. 4 Magnetic data of NdAlsPts. (a) Temperature dependence of the
magnetic and inverse magnetic susceptibility (y and »~* data) measured
with an applied external field of 10 kOe; (b) zero-field-cooled/field-
cooled (ZFC/FC) measurements measured with an applied external field
of 100 Oe; (c) magnetization isotherms recorded at 1.8, 10, 50 and
100 K, the inflection point is determined by the first derivative of dM/dH,
shown in red.

moments calculated from modified Curie-Weiss fits indicate a
stable trivalent oxidation state in all cases in good agreement
with the expected moments for the free RE** cations (Table 6).
Fig. 4 exemplarily depicts the magnetic behavior of NdAlsPt;.
The magnetic susceptibility data recorded between 1.8 and
300 K in zero-field-cooled mode (ZFC) at 10 kOe already shows
a maximum at low temperatures indicating an antiferro-

This journal is © The Royal Society of Chemistry 2024
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magnetic transition (Fig. 4a). From the inverse susceptibility,
the experimental magnetic moment was calculated to be piexp, =
3.82(1)ug, in line with Nd®* (ucgr = 3.62u5). The positive Weiss
constant of 6y = 18(1) K points towards ferromagnetic inter-
actions in the paramagnetic temperature regime and could be
a sign of so called A-type antiferromagnetism in which each
layer orders ferromagnetically but antiparallel to adjacent
layers.®® The low field data (100 Oe) was recorded in zero-field-
cooled and field-cooled (ZFC/FC) mode between 1.8 and 100 K
(Fig. 4b). At Ty = 5.1(1) K a clear maximum can be observed,
originating from the antiferromagnetic ordering which causes
the magnetic susceptibility to drop below the Néel tempera-
ture. Since the ZFC and FC curves are on top of each other,
ferromagnetic impurities can be excluded. The magnetization
isotherms are finally shown in Fig. 4c. The isotherms recorded
at 50 and 100 K are linear up to 90 kOe, indicating Curie para-
magnetism at these temperatures. The 10 K isotherm is
slightly curved due to the proximity of the magnetic phase
transition. The 1.8 K isotherm finally shows a pronounced
S-shape indicating a meta-magnetic step. While at low mag-
netic fields the antiparallel orientation of the spins persists, a
spontaneous reorientation is observed at a critical field of H,i; =
26.7(1) kOe. The infliction point is determined by the first
derivative dM/dH. The saturation magnetization at 1.8 K and
90 kOe reaches p,; = 2.98(1)up which is close to the theoretical
saturation magnetization according to g; x J of 3.27up and in
line with the almost horizontal trace.

Since the interatomic M-M distances in the whole MAI;Pt;
series are rather large (>550 pm), RKKY (Ruderman-Kittel-
Kasuya-Yosida) interactions between the rare-earth atoms are
expected. In this case, the magnetic ordering temperatures, in
this case the Néel temperatures, should scale with the de
Gennes factor G [(g; — 1)*/(J + 1)]. Fig. 5 shows the obtained
correlation between Ty and G, clearly indicating a deviation
from the expected behavior. This points towards crystal field

18
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c10f ; .

ob— v ooy s
o 2 4 6 8 10 12 14 16
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Fig. 5 Plots of the ordering temperatures versus the de Gennes factor
(g7 — 1?J(J + 1) for the REAIsPt5 series.
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influences in the REAI;Pt; series. Similar results have been
observed for example in the RE,InT, (RE = La-Nd, Sm, Gd-Lu;
T = Ni, Cu, Pd) series.®”*°

Finally, for some of the other samples, the determined sat-
uration magnetizations (Table 6) are significantly different to
the values according to g; x J which can either be explained by
crystal field effects (see de Gennes scaling) or the polycrystal-
line nature of the samples.

3.6 *’Al solid-state NMR spectroscopy

Solid-state MAS NMR spectroscopy is a powerful tool to
support crystallography. Besides a plain confirmation of the
crystal structure (number of sites equals number of signals)
also structural distortions or the presence of solid solutions
can be probed based on the shape of the e.g. >’Al NMR
signal.78’90_93

Fig. 6 depicts the results of the >’Al MAS-NMR spectro-
scopic investigations on YAl;Pt;. Consistent with its crystal
structure, the spectrum confirms the presence of five crystallo-
graphically independent Al sites. However, only the intense
central line originating from the |+1/2) < |—1/2) transitions of
the five Al sites can be modelled with a Gauss-Lorentz fit.
Since no significant broadening is observed, one can conclude
that the electric quadrupolar couplings Cq, are rather small (in
a range <5 MHz) and second order quadrupole effects (SOQE)
are not dominant, in line with the results from the quantum-
chemical calculations (Table 7). The resonances of these five
signals are significantly shifted compared to the standard of
an aqueous solution of AI** (AlCl;), however, they are in line
with the reported shifts for intermetallic aluminum com-
pounds. The drastic shift, typically in the range of
200-1200 ppm,”° is caused by the s-electron spin density at the
Fermi level as probed by the >’Al nuclei and dominated by the
Knight shift contribution.”® Under magic angle spinning
(MAS) conditions one can potentially observes a wide spinning
sideband pattern originating from the outer satellite tran-
sitions, |+1/2) < |+3/2) and |+3/2) < |£5/2), however, this is
not the case here.

2TAl MAS, 13 kHz
YAIPt,

I I v 1 1 1
800 400 0 -400 -800

52"Al/ ppm

1 I
1600 1200

Fig. 6 %Al MAS-NMR spectra (black) of YAlsPts (YNisSis type) along
with the fit of the central transitions (red).
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3.7 XPS

X-ray photoelectron spectra have been recorded to investigate
the electronic properties in the synthesized compounds from
an experimental point of view. The 4f core levels of, e.g., Pt are
very sensitive towards the electronic structure at the respective
atom, allowing a spectroscopic approach to analyze the
charge transfer in these intermetallic compounds. For inter-
metallic alkaline earth or rare-earth aluminum compounds
with late transition metals, especially with 5d elements, an
electron transfer from the AE/RE and Al atoms to the platinum
atoms can be observed. This has been shown for quite some
instances, e.g., BazAl,Pt, °* and the REAL;Pt, (RE = Y, Dy-Tm)
series.”” Since the most electronegative elements acquire
additional electron density, shifts of the binding energies of
the Pt 4f lines towards lower binding energies can be observed
in the respective XPS measurements.”*®” In general, the Pt 4f
states can be chosen as a reference as they are intense and
sharp enabling the detection of already small shifts. However,
it has to be mentioned that the Pt 4f and Al 2p levels have
almost the same binding energy.®

Fig. 7a depicts the XPS spectra of the Pt 4f lines of elemen-
tal Pt (black), YAL;Pt; (red) and Al;Pt, (blue). For the Pt refer-
ence (Pt foil) a binding energy of BE(Pt) = 71.0(1) eV was
observed, in line with the literature.®® For YAl;Pt, and Al;Pt,
shifts of +0.23 and +0.76 eV were obtained (BE(YAl;Pt;) = 71.23 eV;
BE(Al;Pt,) = 71.76 eV). In contrast to what is intuitionally
expected and described before, the shift of the Pt lines to
higher binding energies indicates a formal formation of cat-
ionic Pt species in both compounds. Given the drastic electro-
negativity differences (y(Pt) = 2.28 and y(Al) = 1.617%), a
shift towards lower binding energies, in line with an anionic
character, is expected. However, a recent HAXPES study has
shown, that, although a charge transfer towards an anionic Pt
species is expected based on quantum-chemical data, shifts
towards formal cationic Pt are visible in binary aluminum pla-
tinides.”® The authors could show, that the QTAIM charges on
the Pt atoms correlate with the positive shifts of the Pt 4f
binding energies. This was attributed to changes in the Pt 5d
orbital occupancies preventing an easy interpretation only
based on the shifts of the Pt 4f binding energies in this binary
system. Therefore the question arises if this is also applicable
in the system reported here.

When looking at the intensities of the 4f;,, and 4f5,, peaks,
however, only the elemental Pt reference shows the expected
4:3 ratio.’® For YAl;Pt; and Al;Pt,, the 4f5, peaks seem to be
equally high if not higher compared to the 4f,, peak. This is
probably either due to at least a second set of Pt 4f levels. For
Al, a shift towards higher binding energies, corresponding to a
cationic character, is expected. Fig. 7b shows the XPS spectra
of the Al 2s lines of elemental Al (black), YAl;Pt; (red) and
Al;Pt, (blue). Here, the expected shift can be observed,
however, the main peak corresponds to the one of trivalent Al
as in Al,O;. Subsequently, XPS spectra of the oxygen 1s lines
were conducted (Fig. 7c). Here, a signal corresponding to the
expected value of Al,O; can be observed for Al;Pt,, for YAl;Pt;,

12184 | Dalton Trans., 2024, 53, 12176-12188

View Article Online

Dalton Transactions

1 T 1 T 1 T I T 1 ' I T 1 T 1 T 1
Pt 4f e PO, (417)
—+— ALPt,
«— YAI,Pt, '
—— Pt foil PR

Q
~
n)
=
(@]
=
3
N

han,
74f;, =0.76 eV

WW.'.\‘. .’:..\'\
AN RN .
\w

intensity (arb. units)

) 4f,, = 0.23 eV E

Far s \
At ., 4f, 0%
o 52 \./ 712 y

84 82 80 78 76 74 72 70 68
binding energy (eV)

AlLO,

O
~—

Nepel 0 o [ d
123 v"".'“-\";l'_-;’v:,v:-- p”

intensity (arb. units)

128 126 124 122 120 118 116 114 112
binding energy (eV)
—— .

- AlPt,
< YAI,Pt,

O1s

(3]
—

intensity (arb. units)
Y

538 536 534 532 530 528 526 524 522
binding energy (eV)

Fig. 7 (a) Pt 4f spectra of YAlsPts (red) and AlsPt, (blue) and Pt (black);
(b) Al 2s spectra of YAlsPts (red) and AlzPt, (blue) and Al (black); (a) O 1s
spectra of YAlsPts (red) and AlzPt; (blue). Mean values of binding ener-
gies and standard deviations are obtained by averaging over all entries in
the NIST XPS database for the compounds specified in (a)—(c).***
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two overlapping lines can be observed that originate from
AL, O; and Y,0;. This suggests that the surface of the powder
particles used for the XPS investigations is oxidized. This leads
to the conclusion, that although these XPS investigations show
an effect similar to what has been observed and reported for
the binary Al-Pt system in literature, here a fully oxidized
surface is present. Therefore, the shifts to higher binding ener-
gies in line with the literature are probably a mere coincidence.
In the investigated samples, Pt atoms in an Al,O3; matrix rather
than in the intermetallic compounds YAl;Pt; and Al;Pt, were
probed in the XPS-accessible subsurface range. Studies on Al
containing metallic glasses have shown a similar effect. Here,
Al was oxidized throughout the material while all other metals
were only oxidized within the first 5 nm below the surface.'

3.8 Quantum-chemical calculations

The chemical bonding within YAlsPt; was investigated through
crystal orbital Hamiltonian population (COHP) analysis. The
integrated COHP (ICOHP) values, as listed in Table 9, high-
lights the predominant role of Al-Pt bonds, contributing over
65% to the total ICOHP value. Following these, the inter-
actions of Al-Al are notable, while those involving Y-Al, Y-Pt,
and Pt-Pt are relatively weaker. Particularly, the differences in
the strengths between Al-Pt (—1.73 to —2.36 eV) and Al-Al
interactions (—0.07 to —1.14 €eV), in contrast to the Y-Pt (—0.62
to —0.65 eV) and Y-Al (—0.29 to —0.51 eV) ones, suggest the
presence of a polyanionic [AlsPt;]°~ network, with Y°* cations
occupying the resulting cavities.

The electronic structure of YAI;Pt; was analyzed using
density functional theory (DFT) calculations. The electron
density of states (DOS) curves for YAlsPt; are depicted in Fig. 8.
Notably, there exists a significant density of states at the Fermi
level, indicative of metallic behavior, consistent with the
observed silver to grey metallic appearance. The calculated
Bader effective charges for YAl;Pt; are detailed in Table 8.
Each of the five crystallographically independent Al atoms
exhibits positive charges. Moreover, the deviation of all Al
atom charges from +3 (with values from +0.76 to +0.93)
suggests that the Al-Pt interactions possess a predominantly

80

DOS (1/eV)
3 3

»n
o

o A A
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Energy (eV)

Fig. 8 Total density of states of YAlsPtz from non-spin-polarized DFT
calculation, dotted line indicates the Fermi level.
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covalent character than ionic. This observation aligns with the
large negative Al-Pt ICOHP values and supporting the pres-
ence of a polyanionic [Al;Pt;]°~ network. Conversely, all Pt
atoms demonstrate negative charges. Yttrium (Y) is observed
to possess a positive charge of +1.25, which is notably less
than a trivalent oxidation state. This suggests significant elec-
tron delocalization and robust Y-Pt and Y-Al covalent/metallic
interactions, consistent with the noteworthy negative ICOHP
values. These findings support the metallic character of
YAI;Pt;.

4 Conclusion

The MAI;Pt; series with M = Sr, Ce, Eu could be significantly
extended to M = Ca, Y and La-Nd as well as Sm-Er. All com-
pounds were synthesized from the elements using arc-melting
and subsequent annealing and were characterized by powder
X-ray diffraction. For CaAlsPt; and LaAl;Pt; also the respective
M,Al;cPt, members were observed, however, the other com-
pounds could be obtained either as X-ray pure materials or
with small amounts of Al;Pt, as side phase. Single-crystal X-ray
diffraction studies on ErAl;Pt; verified that also the small rare-
earth elements adopt the YNisSi; type structure. For selected
members of the series (M =Y, Ce-Nd, Gd-Ho) magnetization
and susceptibility measurements were conducted. YAl;Pt; is
Pauli-paramagnetic while all other compounds are Curie para-
magnets with the RE atoms in the trivalent oxidation state. For
M = Nd, Gd-Ho, antiferromagnetic ordering was observed.
Since YAI;Pt; was obtained as phase pure material >’Al MAS
NMR investigations were conducted. Five signals were
observed, in line with the five crystallographic Al positions in
the structure. Also, XPS measurements were conducted on this
compound to gain an insight into the charge distribution.
However, XPS cannot come up with this task due to the oxi-
dation of the surface and the subsurface bulk. Finally,
quantum-chemical calculations supported the NMR measure-
ments and gave an insight into the chemical bonding and the
expected charge distribution with the Pt atoms being the
formal anions while the Y and Al atoms are cationic in nature.
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