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The crystal structures of three Y-Ni-Mg LPSO phases were directly solved from diffraction data of X-rays
((Mg@YgNig)Mg1g, tI66-Ndg xRugMgi9x) and electrons (Mg@YgNig)16Mgs0s and (Mg@YsNig)3Mgis4)). The
latter two are modulated structures described in 6D(Fm-3m(a00)000(0x0)000(000)000, q1 = 0.441(6) a*, q2 =
0.441(6) b*, and g3 = 0.441(6) c¢*) and 5D (R-3c(xx0)00(-20,00)00, q; = 0.1457(7) a* + 0.1457(7) b*, q2 =
-0.2915(7) a*+ 0.1457(7) b*) superspaces, respectively. The 3D electron diffraction was applied here for the first
time to LPSO compounds, turning out to be the only method successfully overcoming the numerous problems
hampering their complete structure solution.

The structural analysis of these compounds resulted in a generalized description of Y-Ni-Mg LPSO phases in
terms of Mg@YgNig clusters more or less densely distributed in a Mg matrix, justifying the proposed formulas.
LPSO classification based on the layer stacking modes is proposed, leading to fcc (c-type) and hybrid fcc/hep
((Wncc-type) subfamilies, the former being identified in this work and including (Mg@YsNig)Mg;g as well as
(Mg@YsNig)16Mgs0s-

The inter-clusters coordination in form of distorted anticuboctahedra or cuboctahedra is a further fingerprint
of membership in either family. Increasing the magnesium content, the Mg@YgNig units tend to form aggregates
at characteristic inter-cluster distances, the distribution of which is at the origin of the structural modulation.

1. Introduction

Long period stacking ordered (LPSO) phases represent a hot topic in
the Mg-based alloys research [1], as witnessed by the quick growth of
related publications. Starting from 20022, more than 1300 papers have
appeared in peer-reviewed international journals (see Fig. 1a).

LPSOs are typically ternary phases where magnesium is the principal
component (> 75 at. %), alloyed with a rare earth metal (RE, commonly
Y and Gd) and Co, Ni, Cu, Zn or Al (T component) [3], as shown in
Fig. 1b. The LPSO-containing lightweight alloys show excellent prop-
erties, such as deformability, high strength and stiffness, thermal sta-
bility, corrosion resistance, etc [3-7]. Therefore, the large majority of
investigations focus on their synthesis, treatments and mechanical/-
functional characterization, often in a direct connection with practical
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applications [8-14].

On the other hand, despite numerous efforts, the structural charac-
terization of these intermetallics has remained fragmentary and incom-
plete. This is a consequence of both their intrinsic structural complexity
and the unavoidable experimental difficulties, among which:

- the existence of many LPSO phases with similar composition and
structure, often coexisting in the synthesized ternary samples;

- the occurrence of complex multiphase microstructures, not
achieving thermodynamic equilibrium even after prolonged
annealing (the maximum temperature of treatments is limited by the
relatively low melting point);
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Fig. 1. a) Publications on magnesium LPSO phases from their discovery up to 2024; b) elements involved in RE-T-Mg LPSO phases (source: Scopus database[15]).

- LPSO mechanical properties, such as ductility, that make it almost
impossible to grind samples to obtain powders and/or to extract
single crystals of proper size and quality.

All these problems hampered the application of classical methods for
crystal structure determination, such as powder and single crystal X-ray
diffraction (XRD). To overcome them, transmission electron microscopy
(TEM) techniques have been used for crystallographic purposes,
including oriented-pattern electron diffraction, convergent-beam elec-
tron diffraction (CBED), and high-angle annular dark-field scanning-
transmission electron microscopy (HAADF-STEM) [2,16-19]. The main
advantage of these approaches is the possibility to analyse very small
single-phase areas and to get information about periodicity and unit cell
parameters. However, 3D structural models are not easy to extract from
2D data. As a result of this limitation, the LPSO phases were modelled as
a stacking of compact layers along one direction (corresponding to c-
axis in most cases). According to this representation, the Ramsdell’s
notation was naturally chosen to identify each phase: it consists of a
symbol including the number of layers in the unit cell followed by the
letter H, R or C to indicate the lattice type [20]. The most common LPSO
structures are then 24H, 18R, 14H and 10H [16,18,19]. This description
has the merit of highlighting a common architecture for the LPSO family
of compounds, but it suffers from severe drawbacks. In the Ramsdell’s
notation, there is no indication about the exact stacking sequence of
layers. In principle, this information can be extracted from the TEM
characterization, but differently oriented high-resolution and good
quality images are necessary, which is often a tricky task to accomplish.
The overall composition evidently depends on the composition of each
single layer, which is not quantitatively “measurable” by TEM

techniques. Therefore, it is difficult to match qualitative models with the
overall phase composition, measured, for example, by SEM-EDXS and
confusion arises both in the identification of LPSO phases (number/-
composition/structure) in a given system and in establishing corre-
spondences between analogue phases in different systems.

Another aspect to be mentioned is that, for the majority of LPSO
phases, the available structural information is presented in the form of
Ramsdell’s notation without a complete set of atomic positions, and then
cannot be uploaded in the most widespread crystallographic databases,
e.g. ICSD [21] and Pearson’s Crystal Data [22]. This prevents a rational
organization and efficient sharing of the scientific results obtained by
different research groups.

Most of the discussed problems are associated with the poor infor-
mation available from 2D characterization methods. A possible way to
overcome these limitations is the generation of theoretical 3D models
that can be compared with and validated by experimental data. This task
was addressed in some works [17-19,23,24] where complete structural
models were proposed for selected Y-Zn-Mg, Gd-Al-Mg and Y-Ni-Mg
LPSO phases. The presence of REgTg clusters embedded in a Mg matrix
was assumed for the construction of the models. Despite the impressive,
not automatable work necessary to achieve these results, the obtained
models partially depend upon unverifiable assumptions and are not
unambiguous.

Hence, how to get complete, trustable structural models for LPSO
with no guesses? Until some years ago, there were probably no alter-
natives to the abovementioned 2D approaches. Only recently, the 3D
electron diffraction (3D ED) method has become available for a large
number of applications at the micro and nano scale [25]. This method is
based on a systematic acquisition of electron diffraction data while the
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Fig. 2. Partial Y-Ni-Mg isothermal section based on our experimental data (extended two phase regions are filled in grey). Uncertain equilibria are dotted. Blue lines
correspond to equilibria converging versus Mg-poorer ternary phases. LPSO phases are numbered from 1 to 8; where possible, the correspondence with structural

models reported in the literature (Ramsdell’s notation) was indicated.

sample is tilted, and allows for the 3D atomic structure determination of
nano-dimensioned crystalline materials [25-30]. At present, the number
of intermetallics elucidated by 3D ED is very moderate [31-33] and we
targeted LPSO phases as good candidates to be tested by this method. In
this regard, we used focused ion beam-scanning electron microscopy
(FIB-SEM) [34] to selectively pick up nanocrystals of interest from
ductile, multiphase, microstructurally complex LPSO alloys.

In this work we present the results of a combined 3D ED/XRD study,
by which the complete crystal structures of three Y-Ni-Mg LPSO phases
were obtained and elucidated for the first time. The deeper analysis of
the obtained models led to a more general view of the architecture and
the definition of LPSO phases in this specific system.

2. Experimental section
2.1. Synthesis and SEM/EDXS characterization

Samples used for structure solutions of novel compounds were pre-
pared starting from elements with purities higher than 99.9 mass %. The
synthesis route was slightly adapted from that proposed by Shtender et
al [35]: precursor Y-Ni binary alloys of YeoNisgg and Ye4Nize nominal
compositions were prepared by arc melting and manually ground in a
mortar. Their powders were mixed with magnesium turnings in stoi-
chiometric amounts, to get Ys3gNigpoMgso and Y;¢NigMgys nominal
compositions, respectively and a total mass of about 0.5 g each.

Subsequently, the mixtures were pressed in pellets, put in arc-sealed
Ta crucibles, enclosed in silica tubes and sealed under inert atmosphere.
The following thermal cycle was then applied inside a resistance
furnace: 500°C — (0.2°C/min) — 800°C (5 min) — (-0.2°C/min) —
500°C (annealing for 250 h). After the annealing time, the furnace was
switched off and samples left inside to reach room temperature.

Samples used for phase equilibria studies (see Fig. S1) were prepared
by induction melting of the starting metals in stoichiometric amounts
inside arc-sealed Ta crucibles and subsequent annealing at 500°C for at
least one month.

For SEM/EDXS characterization, samples were embedded in a
phenolic resin with carbon filler, smoothed by SiC abrasive papers and
polished by diamond pastes with particle size decreasing from 6 to 1 pm.
A Zeiss Evo 40 Scanning Electron Microscope (SEM) equipped with a
Dispersive X-ray Spectroscopy (EDXS) system (INCA X-ACT) operated by
the INCA Energy software (Oxford Instruments, Analytical Ltd., Bucks,
U.K.) was used for microstructure characterization and qualitative and
quantitative analyses (see Tables S1 and S2 and Fig. S2).

2.2. Single crystal X-ray diffraction

A good quality single crystal of the YgNigMgi9 compound was
selected under a light microscope from the mechanically crushed
Y30NizoMgso sample and glued on a glass fibre.

The X-ray diffraction measurement was performed at room condi-
tions on a three-circle Bruker D8 QUEST diffractometer equipped by a
PHOTON III 14 photon counting detector, using the graphite mono-
chromatized Mo Ka radiation. Data collection strategies, consisting of
three ®- and two ¢-scans, were chosen with the aid of the APEX4 soft-
ware [36], guaranteeing good data completeness, redundancy, and
resolution. Data were collected up to ~ 36° in 6 (achieving a resolution
of ca. 0.6 A) with exposures of 30 s per frame. Data were successfully
integrated, reduced, and corrected (Lorentz, polarization, and absorp-
tion effects) inside APEX4. The crystal structure was solved and refined
with the aid of SHELXTL [37].

2.3. TEM and 3D electron diffraction

Two lamellae (<100 nm thickness) from LPSO-6 and LPSO-5 were
prepared using a Helios NanoLab 600i dual beam focused ion beam-SEM
(FIB-SEM) (ThermoFisher), equipped with an Omniprobe micromanip-
ulator (Oxford Instruments) for TEM sample lift-out. Sections were
placed on FIB/TEM Cu-grid (EMS) for TEM analysis. High-resolution
(HR) TEM images and oriented selected area electron diffraction
(SAED) patterns were collected with a JEOL JEM F200 Multipurpose
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Table 1
Selected crystallographic data and structure refinement parameters for the single crystals studied in this work.

Compound (Mg@YgNig)Mgig (Mg@YgNis)16Mgs05 (Mg@YgNig)3sMgis4
LPSO-8 LPSO-6 LPSO-5

EDXS composition Y26.0Ni17.8Mgs6.2 Y17.8Ni12.4Mge0.8 Y13.5Nio.3Mg77.2

Radiation X-ray, Mo Ka Electrons, 120 keV (A = 0.033492)

Depositing CSD-code 2272476 2410585 2410588

Formula weight (g/mol) 1525.43 29677.11 7006.05

Space group I4/mmm (139) Fmm2 (42)* R-3c (167)*

Pearson symbol, Z tI66, 2 0F2980, 4 hR1194, 6

Prototype Ndg xRugMgi9.x own own

a, A 9.0750(1) 41.6857(10) 22.3290(16)

b, A 9.0750(1) 41.6857(10) 22.3290(16)

c, A 18.0081(5) 41.6857(10) 62.780(15)

v, A3 1483.07(5) 72437(3) 27107(7)

Calc. density (g-cm™®) 3.42 2.72 2.57

Abs. coeff. (u, mm™) 19.55 none none

Theta range (°) 3.2<6<364 0.09<60<1.34 0.08<0<1.3

sinf/\ (10\'1) 0.79 < sin6/A < 8.37 0.047 < sinB/A < 0.7 0.042 < sinb/A < 0.68

Index ranges h, k, [ -15<h <15 -58 <h <58 28 <h<29
-13<k <15 -55 <k <58 -29 <k <29
-30 <1<30 -58<1<58 -84<1<84

Nobs/Nall 1087/25805 (20(1)) 966/19965 (30(1)) 637/4942 (35(1))

Data/parameters 1087/34 966/47 637/76

GOFobs/all 1.06 0.0248/0.0075 0.0431/0.0180

Rint/Rsym 0.0844/0.0333

R1/wR2 (I > 26(), (Robs/WRobs) (I > 30(1)** 0.0373/0.1018 0.2211/0.2585 0.3430/0.3243

R1/wR2 (all data) (Ray/WRap)"** 0.0671/0.1180 0.5984,/0.3100 0.6862/0.3741

Max diff. peak and hole (e /A% 4.811/ -1.034 2.03/-1.45 4.36/-2.74

" Commensurate three-dimensional average model
™ 3D ED data are refined on F(obs)

TEM, working at 200 kV and equipped with a Schottky field emission
gun (FEG). HRTEM images were acquired with a Gatan Rio16 CMOS
camera (4k x 4k pixels) and analysed by DigitalMicrograph software,
including fast Fourier transform (FFT) and image filtering. SAED pat-
terns were acquired with an ASI Cheetah hybrid-pixel electron detector
(512 x 512 pixels) and analysed by ImageJ software [38].

HAADF-STEM imaging (Fig. S3) and 3D ED data were recorded with
a Zeiss Libra 120 TEM operating at 120 kV and equipped with a LaBg
source. 3D ED was performed in STEM mode after defocusing the beam
in order to have a pseudo-parallel illumination on the sample, as
described in Lanza et al. [39]. ED patterns were collected in Kohler
parallel illumination with a beam size of about 150 nm in diameter,
obtained using a 5 um C2 condenser aperture. Data were recorded on a
single-electron ASI MEDIPIX detector [40]. 3D ED data collections were
performed in stepwise modes with the beam precession performed using
a Nanomegas Digistar P1000 device [41] (tilt step = 1°, precession angle
=1°). The 3D ED data sets covered tilt ranges of 110° (LPSO-5) and 120°
(LPSO-6). After each tilt, a diffraction pattern was acquired, and the
crystal position was tracked by defocused STEM imaging. Camera length
of 180 mm was used, allowing for a resolution in real space of about 0.7
A. ED data were energy filtered by an in-column omega filter [42]. 3D
ED data reduction was performed with the program PETS2 [43-45]
which can account for modulation.

3. Results and discussion
3.1. Phase equilibria in the Y-Ni-Mg system

The Y-Ni-Mg system has been extensively studied for about 20 years,
covering different aspects. The first reported compounds, YoNisMg,
YNisMg and YNigMgs, date back to 2000 [22]. About ten years later, the
Mg-richest LPSO phase (14H) was discovered [8] and subsequently
some others (18R, 10H, 12R) were investigated [10,24,46,47]. Recently,
YNiMg, Y4NipMgs and YoNisMg;1, were structurally elucidated [35]. In
the same period, several works on phase equilibria were published,
based on experimental data [48-50] as well as on thermodynamic op-
timizations [51,52]. In these papers, numerous new phases were re-
ported, based only on microstructure/compositional data, without any

structural elucidation. Therefore, fundamental knowledge about the
Y-Ni-Mg system remains incomplete and chaotic. We have been studied
this system for over ten years, facing numerous experimental obstacles
and only now we are confident to present sound results on some aspects
of this topic.

The isothermal section at 500°C of the Mg-corner of the studied
phase diagram is shown in Fig. 2, as determined from the synthesis and
characterization of more than 30 samples; details on their SEM/EDXS
data are reported in the SI file (see Tables S1 and S2). Based on phase
analysis, nine ternary compounds were found, one corresponding to
Y2NioMgq1 [35], the others all located close to the compositional line
with Y/Ni ratio equal to 4/3. Their EDXS average compositions, each
obtained from several different samples, are listed in Fig. 2. Among
them, there are four compounds already reported in the literature as
LPSO phases (indicated as 14H, 18R, 10H and 12R with decreasing Mg
content) and four new compounds possibly expanding this family down
to about 57 at. % Mg (LPSO-8). The compounds of interest are in equi-
librium with each other, starting from magnesium and following the
compositional trend. A major part of tie-lines connects them to Y-Mg or
NiMgs binaries. Some equilibria towards Mg-poorer ternary phases (not
addressed here) were observed. In the next paragraphs, a detailed
structural study of three LPSO phases (5, 6 and 8) is presented.

3.2. Crystal structure of the novel Y-Ni-Mg phases

Details of data collection and structure refinement for the studied
compounds are summarized in Table 1 together with selected crystal
data; standardized atomic coordinates and equivalent displacement
parameters are listed in Tables S3-S5. The corresponding CIF files,
available as supplementary material, were deposited at the Cambridge
Database.

3.2.1. (Mg@YgNig)Mg;g (LPSO-8)

The diffraction pattern of this phase shows a body-centred tetragonal
symmetry with no additional systematic extinctions. The best structural
model was found using the intrinsic phasing method in the I4/mmm
space group (N. 139). The unit cell, containing 2 formula units of
YgNigMg19 composition, counts 66 atoms, distributed among 1 Wyckoff
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Fig. 3. Crystal structure of YgNigMg19 as built by Mg@YgNig clusters embedded within the cages of an Mg framework with face-centred cubic topology. For the sake
of clarity, Y and Ni atoms were hidden in the right part.

Table 2

Statistics of 3D ED data using the superspace formalism and transformation into

supercells for LPSO-6 and LPSO-5.

LPSO-6 LPSO-5
Superspace formalism (3+3)D (3+2)D
system cubic trigonal
a (;\) 4.6317(1) 3.1899(16)
b (A) 4.6317(1) 3.1899(16)
c (10\) 4.6317(1) 62.780(15)
V(%) 99.36 553.2

modulation wave
vectors

Modulation
component
modulation type
superspace group

Index ranges

Completeness for
Omax

Rint(obs)/Rint(all)

Nobs/Nall (main,
satellites)

supercell
transformation

to, Ug, Vo

Space group (3D)

ql = 0.441(6) a*
q2 = 0.441(6) b*
q3 = 0.441(6) c*
a~x4/9

incommensurate

Fm-3m(«00)000(0xx0)000

(00a)000
7<h<7
7<k<7
7<1<7
2<m<2
-22<n<2
2<p<2
99.69 %

0.2567/0.3248
(0,0): 15/16
+(1,0,0): 40/60
+(2,0,0): 17/59
+(1,1,0): 43/92
+(2,1,0): 28/153
+(1,1,1): 24/73
+(2,2,0): 3/93
+(2,1,1): 15/165
9ax 9 x 9c

1/2,1/4,0
Fmm2

ql = 0.1457(7)a* +

0.1457(7) b*

q2 = -0.2914(7)a* +

0.1457(7) b*
a~1/7 (= 0.1429)

incommensurate

R-3c(ax0)00(-2a,00)00

-4<h<s
“4<k<4
-84 <1<84
2<m<2
2<n<2

90.00 %

0.3019/0.4135
(0,0): 106/165
£(1,0): 331/918
£(2,0): 61/911
£(1,-1): 125/912
+(2,-1): 17/1368
£(2,-2): 14/685

7ax7bxc

0,-,0
R-3¢

site of Y, 2 sites of Ni and 5 of Mg. The isotropic refinement resulted in
good isotropic displacement parameters for all the species. The possi-
bility of a statistical mixture/partial occupation scenario was checked
for each Wyckoff site, giving no improvements. The final anisotropic
full-matrix least-squares refinements of the stoichiometric model
converged to good residuals.

This phase is isostructural with the REg, xRugMgi9x compounds (RE
= Nd, Sm, Gd, Tb) [53,54], being the fifth representative of this family
(see structural data listed in Table S3). The composition of the stoi-
chiometric model is in a good agreement with the EDXS composition
measured on several samples.

The 4:3 Y/Ni ratio places YgNigMgi9 on the compositional line
typical of the already known LPSO phases, even with a significantly
lower magnesium content. The structure analysis, however, confirms the
presence of Mg-centered YgNig clusters, where Y atoms form a regular
cube, and Ni atoms are arranged on the vertices of an octahedron (see
Fig. 3). The distances between the central Mg and Y species are 3.16 A,
which is close to their atomic radii sum. The Mg-Ni contacts are
somewhat longer, with values of 3.03-3.05 A. The Mg@YgNig clusters
were then considered as the fundamental building blocks: they are
encapsulated inside Mg cages forming units with recognizable fcc to-
pology (see Fig. 3) where Y and Ni atoms are somewhat displaced with
respect to ideal positions due to the different sizes of these species
compared to Mg. The overall crystal space could be represented as an
infinite regular arrangement of the described units.

3.2.2. (Mg@YsNig)16Mgs05 (LPSO-6) and (Mg@YgNig)3Mgis4 (LPSO-5)

The analysis of 3D ED patterns showed that both title compounds are
modulated (see Table 2 and text below) and the superspace formalism
was used to properly index and integrate the reflections. The data
reduction results in a hkl(mnp)-type of files assuming the kinematical
approximation used in the structural solution and the kinematical
refinement.

(Mg@YsNig)16Mgs05 (LPSO-6)

LPSO-6 was indexed in a F-centered cubic basic cell with parameter a
= 4.6317(1) A (Table 2 and Fig. 4). Three modulation vectors and
indices up to 2 are needed to index all satellite reflections: q1 = 0.441(6)
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Fig. 4. Reciprocal space of LPSO-6 projected into one basic F-centered cubic unit cell (@ = 4.6315(9) A) where main reflections are marked in black and satellite
reflections (marked in red) are described using three modulation wave vectors. a) Projection in b*-c* showing the satellite reflections up to 2nd order. b-d) Reciprocal
sections of LPSO-6 representative of the F-centered cubic lattice in (3+3)D. The purple overlay represents the F-centered cubic basic cell.

a*, q2 = 0.441(6) b*, and q3 = 0.441(6) c* with the modulation superflip [55,56] confirmed the superspace group Fm-3m(a00)000(0a0)

component a = 0.441(6) very close to a commensurate value 4/9 000(002)000. The initial solution in the superspace formalism could not
(Fig. 4). The analysis of reciprocal space sections indicate only extinc- be interpreted properly in 6D due to the discontinuity in the atomic
tion due to the F centering, and the first structure solution attempt in domains.

Fig. 5. Results of the TEM characterization of LPSO-6. (a) Filtered HRTEM image taken along [111], showing the pseudo-hexagonal periodicity of 1.6 A, together
with the long range non-periodic order represented by crossing features with different contrast. (b) SAED pattern along [111] showing the main pseudo-hexagonal
periodicity, together with the satellite reflections and the diffuse scattering features.
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Fig. 6. LPSO-6 3D average model viewed as the evolution from a single Mg@Y3Nig cluster to the cluster distribution within a slab to the full structure projected along
[010], [001] and [111]. Yellow squares highlight the distribution of clusters within a slab; orange rectangles highlight identical slabs in the different projections.

The initial solution contains one atomic site that describes Mg, Y and
Ni species with a combination of displacive and occupational modula-
tions. A second site, which was not initially found and only partially
occupied, was later identified as the additional Mg at the center of the
YgNig cluster. To tackle that issue, the structure solution was performed
after transforming the reflections hklmnp of the (3+3)D formalism into a
9a x 9b x 9c pseudo-cubic supercell as the modulation component can be
considered commensurate (a = b = ¢ = 41.6857(10) i\). In order to go
from the superspace formalism to a supercell, ty, ug, vy sections must be
defined [57]. Different combinations of values lead to different sym-
metries for the supercells. However, not all of them can properly
describe the cluster ordering. Systematic tests have shown that the
highest symmetry allowing an ordered arrangement of the clusters in the
Mg matrix is Fmm2 for (tp = %, up = %, and vp = 0). Superflip was used to
solve the LPSO-6 structure ab initio in the supercell in this symmetry,
resulting in a 3D electrostatic potential map which was manually
interpreted (Fig. S4). Based on the geometry, four individual YgNig
clusters hosting Mg could be described as a moiety present in four po-
sitions. The refinement of 3D ED data was performed considering the
kinematical approximation and six-fold pseudomerohedral twinning.
Even though the data quality was good enough for the attempting
dynamical refinement (Fig. S5), the size of the supercell (V = 72,437(3)
Z\3), the number of atoms in the asymmetric unit (185) and the six twin
domains prevented the use of the dynamical theory of diffraction in the
refinement due to computing limitations. To stabilize the refinement,
Mg atoms were set to their initial cubic positions (derived from the 6D
model), and only the cluster atoms were allowed to be shifted. One
common isotropic displacement parameter was refined for all atoms. All
positions were assumed fully occupied giving the formula
(YgNigMg)16Mgs0s with Z = 4. The refinement led to R(obs)/wR(obs) =
0.2211/0.2585, R(all)/wR(all) = 0.5984,/0.3100 (see Table 1). LPSO-6
structure obtained from 3D ED is provided as a CIF file and was
deposited in the CSD database under the deposition number 2410585.
The data collection and refinement details are given Table 1 and Table 2,
and the structural parameters in Table S4.

HRTEM images of LPSO-6 taken close to [111] show a pseudo-
hexagonal symmetry, with lattice length of about 1.6 A, corresponding
to {220} planes of the non-modulated cell. After filtering-in only the
reflections of Fast Fourier Transform (FFT) corresponding to this cell, we
emphasize the occurrence of crossing features with different contrast,
which reveal the longer range non-periodic character of the structure
(Fig. 5a).

SAED patterns taken along the same direction confirm the occur-
rence of a pseudo-hexagonal modulation, corresponding to a periodicity
of about 7.0-8.0 A (b). Diffuse scattering is also present, with charac-
teristic triangular and rhombic shapes (Fig. 5b). The pseudohexagonal
periodicity fits well to the [111] direction of the basic cubic structural
model (Fig. 6). The 1.6 A periodicity corresponds to the average inter-
planar distance between Mg layers observed along this direction, while
7.0-8.0 A corresponds to the average interplanar distance between
Mg@YsNig cluster layers.

The fundamental building blocks of LPSO-6 are Mg@YgNig clusters
identical to those in LPSO-8, which are distributed non periodically in
the crystal, causing the observed modulation. In the 3D approximant
model, the trace of it is the presence of undulating rows of clusters
intersecting each other along [111] in the unit cell. Slabs of clusters can
also be seen, highlighted in orange in two of the projections shown in
Fig. 6; in each slab, clusters are gathered in squares about 9 A apart.
More features are discussed in the structural generalization paragraph.

(Mg@YsgNig)3Mgis4 (LPSO-5)

The same structure solution strategy was used for LPSO-5. The
reciprocal space was initially described using the superspace formalism
in (342)D in a Rypy trigonal unit cell a = 3.1899(16) ;\, ¢ =62.780(15)
A, where satellite reflections up to order 2 are described using the two
modulation wave vectors q; = 0.1457(7) a* + 0.1457(7) b*, and q3 =
-0.2915(7) a* + 0.1457(7) b*. Sections of the reciprocal space indicate
the superspace group R-3c(aa0)00(-2a,00)00 with an incommensurate
modulation a = 0.1457(7) (Fig. 7). For the same reasons as for LPSO-6, a
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Fig. 7. Reciprocal space of LPSO-5 projected into one basic Ropy-centered trigonal unit cell (a = 3.1899(16) ;\, ¢ =62.780(15) A) where main reflections (marked in
black) and satellite reflections (marked in red) are described using two modulation wave vectors. a) Projection of the reciprocal space into one basic reciprocal unit
cell showing satellite reflections up to 2nd order. b-d) Reciprocal-space sections of LPSO-5 representative of the R,y trigonal lattice in (3+2)D. The purple overlay

represents the basic cell.

supercell had to be used to interpret the LPSO-5 model. As the modu-
lation is incommensurate, an approximant supercell had to be used,
obtained by considering o ~ 1/7. The hklmn reflections were trans-
formed into a 7a x 7b x ¢ supercell (tp and vy = 0) with space group R-3c.
The structure was solved ab-initio with Superflip and interpreted ac-
cording to the geometry visible in the 3D electrostatic potential map
(Fig. S6). The model has 35 atoms in the asymmetric unit cell with one
cluster hosting Mg as for LPSO-6 and LPSO-8, and a composition
(YgNigMg)3Mgis4 for Z = 6. The refinement in the kinematical approx-
imation yields R(obs)/wR(obs) = 0.3573/0.3419, R(alD)/wR(al) =
0.6862/0.3741 for 894/4942 observed over all reflections. The quite
high R-values can be explained by two main factors: the satellite re-
flections are weak and since they are located close to each other their
proper integration in the reciprocal space is challenging, causing a sig-
nificant error in their intensity estimation. On the other side, the high
complexity of the structure and its intrinsic disorder, visible as a diffuse
scattering in certain sections of the diffraction pattern, also give their
worsening contribution. LPSO-5 structure obtained from 3D ED is pro-
vided as a CIF file and was deposited in the CSD database under the
deposition number 2410588. The data collection and refinement details
are given in Tables 1 and Table 2, and the structural parameters in
Table S5.

HRTEM images of LPSO-5 taken along [010] direction show a
layered structure with an interplanar distance of about 10-11 A, cor-
responding to (006) planes in the non-modulated structure. These layers
are interested by disorder features of intra- and inter-layer nature, like
stacking faults and closure and kinking of layers (Fig. 8a—c). The related
FFTs and SAED patterns (inset in Fig. 8a and Fig. 8d) show three relevant
features: i) lines of strong reflections along c* indicating a supercell with
respect to the hcp-Mg cell; ii) a second line of reflections with interplanar
distance of about 2.7 A, corresponding to {-102} planes of the non-
modulated structure; iii) two lines of weak reflections in between
being a fingerprint of intrinsic structural modulation. The same was
observed by Yamashita et al. [24] for the Y-Ni-Mg compound identified
as 12R and described by them with a periodic structural model in the
R32 space group with a = 22.4 and ¢ = 33.1 A. In the a-b plane, the
proposed structure is a 7x superstructure with respect to hcp-Mg.

The 3D ED-based structure solution proposed here properly includes
all these features and improves the description providing an ab initio
model obtained without a priori assumptions on the structure.

From 3D ED, LPSO-5 has a constant stacking of slabs of 10.46(2) A
thickness in agreement with what is observed in HRTEM images. Within
one slab, Mg@YgNig clusters are forming trimers periodically distrib-
uted (see Fig. 9) ensuring the same composition of all slabs. The
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Fig. 8. Results of TEM characterization of LPSO-5. (a) HRTEM image close to [010] direction showing a layered structure with interplanar distance of about 10-11 A.
The related FFT, shown in the inset, reveals the presence of two weak lines of satellite reflections. (b) The same HRTEM image after filtering-in only the first order
reflections at 10.4 A, in order to emphasize the presence of defects. Closure of layers is marked with a green circle; kinking of layers is marked with a red circle. (c)
HRTEM image at lower magnification showing stacking faults parallel to the layers. (d) SAED pattern showing the main lattice periodicity of about 10.4 A, the second
line of reflections at about 2.7 A and, in-between, the lines with weak reflections and diffuse scattering coherent with 7x superstructure.
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Fig. 9. LPSO-5 3D average model from a single Mg@YgNig cluster to the cluster distribution within each slab to the slabs stacking along c. Yellow triangles highlight
the distribution of clusters within a slab; the orange rectangle highlights a slab in the crystal space.

modulation affects how the arrangement of trimers is shifted and rotated that proposed by Yamashita et al [24]; from the electrostatic potential
in the (a,b) plane from one layer to the next one (see Fig. S7). These tiny maps it was also definitely established that clusters are Mg-centered, in a
changes from slab to slab are the main difference between our model and complete agreement with compositional data obtained by EDXS.
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3.3. Structural generalization of Y-Ni-Mg LPSO phases

Any crystallography or solid-state textbook begins with an explana-
tion of pure metal crystal structures, the most common of which are built
by different stackings of triangular compact layers, as in the fcc (adopted
by Ni), hcp (adopted by Mg) and mixed variant (adopted by some rare
earths) cases [58,59].

From the structural point of view, the compounds studied here are
undoubtedly very complex and a simplified and unified description of
these is as desirable as it is challenging. Nevertheless, the crystal
structures of compounds under study can be conceptually derived from a
simple Mg matrix. Let’s imagine a hypothetical lattice made of compact
layers of Mg atoms stacked in some way. At some positions within these
layers Mg is replaced by Y and Ni atoms. Due to the different sizes of Y
and Ni with respect to Mg, these do not occupy the exact positions of the
compact layer, but are somewhat displaced, making each layer slightly
corrugated. The three structures studied here can be built from such
corrugated layers, stacked so that Y and Ni atoms form Mg@YsgNig
clusters, where the central Mg is interstitial/interlayer. These clusters
are all the same, and each of them is embedded in four corrugated layers
in all structures (see Fig. 3, Figs. 6 and Fig. 9). Depending on where each
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layer "cuts" the cluster, isolated Y atoms (apical positions 1 or 4) or
groupings of 3Y/3Ni atoms (intermediate positions 2 or 3) may be found
(Fig. 10). What differentiates the three phases is the distribution of these
clusters in the Mg matrix-base, which is reflected in the composition and
sequence of the layers.

In LPSO-8 (YgNigMgi9), all corrugated layers are identical, they
contain both isolated Y atoms and 3Y/3Ni groups and are stacked in the
fccmode (see Fig. 11). It is interesting to emphasize the relation between
the 2D representation of the stacking, suggesting a 12-layer periodicity,
and the 3D unit cell, containing information about all symmetry ele-
ments and not only the translational ones. The compositional difference
between the compound (YgNigMgi¢) and layers (YgNigMgig) is due to
the presence of the interlayer Mg atoms in the centers of the clusters.

The distribution of Mg@Y3Nig clusters in both LPSO-6 and LPSO-5 is
aperiodic, which is the origin of their modulated structures that we
described in supercells derived from their 6D and 5D superspace rep-
resentations, respectively. In LPSO-6, layers have different compositions
and are of different types: some of them cut clusters in all four possible
positions (see Fig. 12), others in different combinations (Fig. S8). This
complexity, at a bigger scale, results in the abovementioned undulating
rows of clusters. The stacking topology of layers along the diagonal of

(VAo

1.&

Fig. 10. Schematic representation of a single Mg@YgNig cluster embedded into the Mg matrix (central part); top views of layer 1 (pink background) and layer 2 (grey
background). Black dotted lines serve as an eye guide, corresponding to an ideal compact layer.
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Fig. 11. The architecture of the LPSO-8 compound highlighting the Mg@YgNi, clusters distribution (left). The cluster colouring scheme highlights their different
positions in relation to the stacking direction. The unit cell edges are outlined in red. Side view of the cluster positions with respect to a single layer (right-upper part).

Top view of a single corrugated layer (right-lower part).
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Fig. 12. A selected layer of the LPSO-6 compound (3D average model). Side view of Mg@Y3Nis clusters positions with respect to this layer (top). Top view where the
relative heights of clusters are indicated by the same colouring scheme (bottom part).

Fig. 13. Top view of the two types of layers of the LPSO-5 compound (average model). Layer containing only 3Y/3Ni groups (left); layer containing only isolated

apical Y atoms (right).

the cubic cell is of the fcc type, as for LPSO-8.

In LPSO-5, layers of two different compositions, illustrated in Fig. 13,
are stacked either in fcc or hep mode, in such a way that each layer cuts
all the clusters in the same position (1, 2, 3 or 4). The whole structure
can be viewed as a stacking of four-layer thick slabs along the c-direc-
tion. This description of LPSO-5 is in line with that proposed by Yama-
shita et al [24] and can be naturally joined with that of the Mg-richer
10H, 18R and 14H LPSO compounds, traditionally viewed in terms of
slabs containing Y/Ni clusters alternated with pure hcp-Mg fragments
[16].

At this point, considering all the Y-Ni-Mg phases distributed along
the Y/Ni=4/3 compositional line, it is clear that they belong to the same

11

family, being all composed of Mg@YgNig clusters more or less densely
distributed in a Mg matrix. Two subfamilies can be envisaged depending
on the layer stacking mode (see Fig. 14). Using the Jagodzinski notation,
they can be identified as:

1) c-type (corresponding to pure fcc stacking) adopted by LPSO-8 and
LPSO-6, discovered here

2) (hW)ncc-type (corresponding to hybrid fcc/hep stacking, n>2), adopted
by LPSO-5 (n=2), structurally elucidated in this work, and by Mg-
richer representatives, extensively studied during the last decades.
The n value increases with the Mg content, representing the pure hcp-
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h, hep stacking

5 - (Mg@YsNig)sMg1s4
6 - (Mg@YsNis)1sMgsos

90
8 - (Mg@YgNig)Mg1s

_<,> ¢, fce stacking
Y/Ni =4/3

50 X ~ ~ ~ ~ ) ~ ~ ~ ~ Ay
0 10 20 .30 40 50
—> at. % Ni

Fig. 14. Gibbs triangle showing the Y-Ni-Mg LPSO phases distributed between two sub-families according to the topology of the Mg matrix in terms of layer stacking,
indicated by the Jagodzinski notation. For compounds studied here, formulas hinting the common structural principle of LPSO phases are indicated in red.

coordination number

o = N W b

O =2 N W A OO N

LPSO-5
' / distorted anti
{1 LPSO-6 cuboctahedron
L1 |1
LPSO-8
distorted
cuboctahedron
8.5 9.5 10.5 1.5 12.5 135

Intercluster distance, A

Fig. 15. Histograms of the distribution of intercluster distances in the studied compounds (left). First sphere coordination of clusters in LPSO-8 and LPSO-5 deriving
from their fcc and hcp packing, respectively (right).
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Mg slabs traditionally identified as an essential feature of LPSO
phases [16].

The common architecture of LPSO phases can be highlighted by an
unconventional formula indicating the ratio between Mg@YgNig clus-
ters and the Mg atoms in the matrix, so reflecting their “dilution”. For
the compounds studied here such formulas are (Mg@YgNig)Mg; g (LPSO-
8), (Mg@YsNig)16Mgsos (LPSO-6) and (Mg@YsNig)3Mgis4 (LPSO-5).

In all formulas the interstitial Mg centring clusters is also evidenced;
this feature was experimentally, undoubtedly established for the first
time in this work, confirming some theoretical findings in the similar Y-
Zn-Mg system [60].

An analysis of intercluster distances helps to understand possible
principles governing their dilution. Taking into account that the rhom-
bododecahedron can be approximated by a sphere of about 3.7 A radius
and that no vertex sharing occurs, the minimum intercluster distance
(from centre to centre) can be estimated to be around 9 A.In fact, in the
(Mg@YgNig)Mg1g compound (LPSO-8), each cluster is coordinated by
12 neighbours in the form of a distorted cuboctahedron, distanced from
the central one at 9.7 and 11 A (see Fig. 15). So, the most compact fcc
packing of clusters is realized in this compound, suggesting that it is the
Mg-poorest endmember of the LPSO family.

When moving to the more diluted (Mg@Y3gNig)16Mgs05 (LPSO-6), the
intercluster distances are similar, smearing out around the values ~9.3,
11.6 and 13 A. Even if the average structure possesses an fcc Bravais
lattice, a definite cluster coordination geometry is not identifiable,
reflecting the complexity due to modulation.

Increasing further the Mg content, in the (Mg@YgNig)3Mg154 (LPSO-
5), clusters shift away a little from each other, being distanced at around
11, 12.5 and 13.5 A. Here, each cluster is coordinated by 12 neighbours
in the form of a distorted anti-cuboctahedron, typical of a hcp packing,
marking the beginning of the (h),cc-type subfamily.

It is worth emphasizing that in the Mg-richer members LPSO-3
(10H), LPSO-2 (18R) and LPSO-1 (14H), the dilution of clusters has a
somehow anisotropic character. They remain at similar distances inside
slabs, which are more and more apart with the spaces filled by Mg.

A general trend can be inferred from the behaviour described above:
the Mg@YgNig clusters are clearly the fundamental units for the for-
mation and structures of LPSO phases. Increasing the magnesium con-
tent, these units have more degrees of freedom for their arrangement in
the crystal structure. Nevertheless, they tend to form sorts of aggregates
at characteristic distances, the distribution of which is at the origin of
structural modulation, experimentally found in this work, and probably
realized even in compounds not yet fully characterized.

Both the range of distances between clusters and their tendency to
gather near each other agree with a previous DFT modelling work on
similar YgTs (T = Zn, Al) nanocluster distribution in Mg-based alloys
[61]: we believe that our experimental data could be a valuable input for
further research on clusters assembly in LPSO-based materials.

4. Conclusions

The principal outcome of this work is the unprecedented structural
elucidation of some Mg-based LPSO phases, achieved mainly thanks to
the recently evolved 3D ED technique.

Modulated structures, completely described by super-space models,
were naturally derived from experimental data, crossing the limits of
classical electron diffraction approaches used for these materials, for
which X-ray diffraction is not viable. Considering our findings, alloys
and intermetallic compounds represent a fruitful field for 3D ED,
contributing not only to exploitation but also to improving the electron
crystallography science.

It is also worth underlining that suitable samples are an indispens-
able requirement for a successful application of any experimental
method, and, in this case, these were obtained thanks to the knowledge
gained through a systematic ten-year work on Y-Ni-Mg phase equilibria.

13

Acta Materialia 296 (2025) 121279

The validity of the obtained structural models is also confirmed by
their excellent agreement with compositions measured by EDXS, which
is extremely important for the identification of compounds in densely
populated LPSO-forming systems. Furthermore, one of the main factors
contributing to the previous composition discrepancies is the presence of
interlayer Mg, centring the YgNig units, impossible to detect without
complete 3D ED datasets. Based on these achievements, we suggest that
this structural feature is always the same for other Y-Ni-Mg LPSO phases,
leading to a new definition of them, probably extendable to other sys-
tems: Mg-based LPSO phases contain Mg@YgNig clusters embedded in a
magnesium matrix with fcc (c-type) or hybrid fcc/hcp ((hncc-type) layer
stacking modes.

The fcc subfamily was discovered in this work, and its Mg-poorer
end-member corresponds to (Mg@YgNig)Mg;g (57.5 at % Mg), where
the closest cluster packing is realized. To our conviction, the existence of
analogous compounds in other systems could be a hint for further dis-
covery of new fcc-type LPSO phases.

Compositions of the Y-Ni-Mg samples prepared; SEM Microphoto-
graphs (BSE mode) and results of phase analysis; HAADF-STEM images
of extracted lamellae; 3D electrostatic potential maps and Camel plots
for LPSO-6 and LPSO-5; selected layers of LPSO-6; atomic coordinates
and equivalent displacement parameters for LPSO-8, LPSO-6 and LPSO-
5 (commensurate three-dimensional average models). X-ray crystallo-
graphic files in CIF format.
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