
Structure, nanostructure and unconventional magnetic state of the light 
rare-earths based CexPrNdSm (x = 0.01–1.5) medium-entropy alloys
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A B S T R A C T

We present a study of structure, microstructure, nanostructure and magnetic state of the CexPrNdSm (x =

0.01–1.5) medium-entropy alloys composed of the light rare earths only. Magnetic light rare earths are funda
mentally different from the heavy ones, because the crystal-field interaction in the former is able to reduce or 
completely destroy the ionic magnetic moments at low temperatures. The alloys crystallize in a double hexagonal 
close-packed structure in the form of a single-phase nanostructured solid solution. The low-temperature magnetic 
state is inhomogeneous, being a mixture of paramagnetic domains appearing in the crystal regions with larger 
destruction of the moments and spin glass (SG)-type spin domains in the regions with less destructed moments. 
Such mixed state is intrinsic and specific to the light-lanthanide multi-component solid solutions. The SG-type 
domains are magnetically frustrated spin entities with broken ergodicity below the spin freezing temperature 
Tf . In the low-Ce content alloys, the SG-type domains resemble canonical SGs, while in the Ce-concentrated 
alloys, some ferrimagnetically ordered clusters with nonzero spontaneous magnetization have formed addi
tionally. The increased Ce content x continuously reduces the average exchange coupling, as evidenced from the 
shift of Tf towards lower temperatures and the speed-up of spin dynamics into the direction of superparamagnets.

1. Introduction

Searching for novel high-entropy alloys (HEAs) with nontrivial 
magnetic structures, mixing of the rare-earth (RE) elements offers 
attractive possibilities. Great similarity of the RE elements’ chemical 
properties allows their almost complete mutual solubility on a crystal 
lattice, while random distribution of the elements with disparate mag
netic properties can result in unprecedented magnetic structures. HEAs 
based on the RE elements from the heavy half of the lanthanide series 
(from Gd to Lu), and including the light lanthanide Ce, have already 
been investigated in the past [1–14]. Pure metals of the heavy REs are 
considered well understood, both experimentally and theoretically [15]. 
The metals crystallize in the hexagonal close-packed (hcp) lattice (with 

the exception of Yb, which is face-centered cubic – fcc) and exhibit a 
plethora of magnetically ordered structures, both ferromagnetic (FM) 
and antiferromagnetic (AFM). The latter include modulated AFM phases 
with magnetic moments arranged either helically in the hcp basal plane, 
conically or as a longitudinal wave along the hexagonal direction, with 
the modulation wavelength either commensurate or incommensurate 
with the crystal lattice. Theoretically, bulk magnetic structures of the RE 
metals can be adequately described by the mean-field Hamiltonian 
containing three terms: (i) indirect exchange between the localized RE 
moments via the conduction electrons (the 
Ruderman-Kittel-Kazuya-Yosida – RKKY interaction), (ii) crystal-field 
(CF) term describing the electrostatic interaction between the aniso
tropic 4 f electron orbital and the crystalline electric fields from the 
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neighboring ionic and electronic charges and (iii) Zeeman interaction of 
the moments with the external magnetic field. Most magnetic structures 
found in the heavy-RE metals can be accounted for by recognizing the 
dominant role of the exchange, and considering the crystal fields as a 
perturbation, whose essential role is to established favored directions of 
the moments in the lattice. The “exotic” spin configurations may be 
understood as the result of a compromise between the above three 
competing interactions, to which the moments are subjected. Since the 
interactions are temperature-dependent, different interactions prevail in 
different temperature ranges, so that the magnetic structures change 
with the temperature. As a rule, the high-temperature magnetically or
dered structure is AFM, which transforms to FM upon cooling (Gd is an 
exception, undergoing directly the paramagnetic to FM transition). In 
the FM state, the moments at low temperatures and in moderate mag
netic fields approach their maximum saturation values of gμBJ, where g 
is the Landé factor, μB is the Bohr magneton and J is the total angular 
momentum quantum number.

Mixing of five or more heavy-RE elements into a HEA results in rich 
magnetic field-temperature phase diagrams. Random distribution of the 
elements on the crystal lattice results in distributions of atomic magnetic 
moments, exchange interactions, magnetocrystalline anisotropy and 
dipolar interactions. Beside the periodic potential experienced by the 
localized moments, which arises from the electronic band structure and 
favors periodic magnetic structures, chemical disorder introduces 
additional random local potential that favors spin-glass (SG)-type spin 
freezing in random crystal directions at low temperatures. In an external 
magnetic field, the Zeeman interaction favors spin alignment along the 
field direction. Due to the competition of these interactions, the heavy- 
RE-based HEAs GdTbDyHoLu [5], TbDyHoErTm [6] and GdTbDyHoY 
[3] were shown to undergo first a transition to an AFM structure, which 
upon cooling “melts” and transforms into a low-temperature SG-type 
collective spin state, either speromagnetic, asperomagnetic or a “true” 
spin glass. A high enough external magnetic field coerces all the mo
ments into the field direction, creating a metamagnetic (field-induced) 
paramagnetic state. The addition of the light-RE Ce into the CeGdTb
DyHo HEA [4] changes the situation drastically, where the alloy un
dergoes in zero field a single magnetic phase transition to a disordered 
FM state.

The light half of the lanthanide series (from Ce to Eu) is much less 
understood [15]. Pure light-RE metals crystallize predominantly in a 
double hexagonal close-packed (dhcp) structure, with the close-packed 
layers stacked along the c hexagonal direction in the sequence ABAC, 
as compared to ABAB of the hcp structure. The dhcp structure contains 
two types of crystallographic sites (Wyckoff sites 2a and 2c). For an ideal 
c/2a = 1.633 ratio, the A sites in 2a possess local cubic symmetry (3 m.) 
with nearest neighbors close to the fcc configuration, while the B and C 
sites in 2c possess local hexagonal symmetry (–6m2). If the c/2a ratio is 
smaller from the ideal value, the cubic sites have only approximate local 
cubic symmetry. Since the CF interaction depends on the local site 
symmetry, the sites A possess different CF interaction than the B and C 
sites. This is in contrast to the hcp structure of the heavy RE metals, 
which contains only one type of a site (2c), having local hexagonal 
symmetry (–6m2) and consequently a single type CF interaction. 
Another important difference to the heavy REs is the balance between 
the exchange (a two-ion interaction) and the CF (a single-ion interac
tion), which in the light REs is not so clear-cut. The de Gennes factor G 
that scales the RKKY interaction is relatively smaller in the light RE, 
making the exchange weaker, while larger spatial extension of the 4 f 
orbitals towards the beginning of the lanthanide series (due to the 
known lanthanide contraction with increasing atomic number Z) makes 
the CF effects more important. Unlike the heavy RE metals, the CF 
interaction in the light RE cannot be considered just a perturbation to 
the exchange. As a result, the crystal fields in the light-RE metals are able 
to hinder the moments from attaining their saturation values of gμBJ 
even in high fields at low temperatures. The magnetic structures of the 
light-RE metals are phenomenologically reasonably well described [15], 

while their theoretical explanations are still at a rudimentary stage. 
Magnetic ordering is strictly AFM, where the moments at the hexagonal 
sites of the dhcp structure order at a higher temperature than the cubic 
sites. Light-RE metals are also special from the magnetic excitations 
point of view, as they contain specific crystal-field excitations, some
times called magnetic excitons. These represent collective normal modes 
of the spin system, associated with transitions between different energy 
levels of the CF ground-state multiplet with an overall splitting of the 
order 10–20 meV.

Due to the above-described differences between the heavy- and the 
light half of the lanthanides, it is tempting to design and determine the 
structural and physical properties of a HEA composed exclusively from 
the light lanthanides and compare it to the HEAs based on the heavy 
REs. In this paper, we present a study of the light-RE alloy series 
CexPrNdSm with the nominal Ce content in the range x = 0.01–1.5. To 
the best of our knowledge, the light-RE HEAs have not been reported in 
literature as yet to date.

2. Materials design and synthesis

By excluding the radioactive promethium (Pm), there are five mag
netic light lanthanides: cerium (Ce), praseodymium (Pr), neodymium 
(Nd), samarium (Sm) and europium (Eu). In order to produce a single- 
phase HEA with random mixing of the elements on a topologically un
distorted crystal lattice (a definition of an ideal HEA), it is advantageous 
to mix the elements with close-to-zero binary mixing enthalpies and very 
similar atomic radii. The binary mixing enthalpies ΔHij

mix of the 
elemental pairs i, j constituting a hypothetical five-component HEA Ce- 
Pr-Nd-Sm-Eu are presented in Table 1 [16], where it is evident that 
the elements Ce, Pr, Nd and Sm mix ideally (ΔHij

mix = 0 for any pair), 
while Eu possesses quite substantial positive (repulsive) binary mixing 
enthalpies in the range 12–14 kJmol–1 with the other four elements. 
From this criterion, Eu will not mix well with the other four elements in 
the alloy, but will tend to segregate. Atomic radii of the elements are 
presented in Table 2 [16], where it is evident that Eu (rEu = 0.199 nm) is 
a significantly bigger atom than the other four, which are very close in 
size to each other (0.179–0.183 nm). Random mixing of the Eu into a 
5-component HEA will hence be compromised also from this criterion. 
Accordingly, we decided to skip Eu and produce a 4-component alloy 
Ce-Pr-Nd-Sm that can be expected to form an ideal-like, single-phase 
random solid solution. Based on the mixing entropy criterion by Yeh 
[17], where the mixing entropy of an ideal solid solution with equia
tomic concentrations of N components is written as ΔSmix = RlnN (with 
R denoting the gas constant), the alloys classify as HEAs for ΔSmix >

1.5R, which is achieved by mixing five or more elements (N ≥ 5) 
[17–21]. The alloys composed of three or four elements possess 
1R < ΔSmix < 1.5R and are classified as medium-entropy alloys (MEAs). 
The 4-component Ce-Pr-Nd-Sm alloys hence formally classify as MEAs. 
The room-temperature (RT) crystal structures of the light-lanthanide 
metals are presented in Table 2 [15], revealing that Ce has two stable 
RT modifications (dhcp and fcc), while Pr, Nd and Sm crystallize in the 
dhcp. Among the light RE, Ce is exceptional because being at the 
beginning of the lanthanide series (having one 4 f electron), the spatial 
extent of its 4 f wave function is the largest, so that the interaction with 
the surrounding charges in a crystal is the strongest. The Ce metal and 
compounds consequently constitute a field of magnetism in themselves. 

Table 1 
Binary mixing enthalpies (in kJmol–1) for unlike atom pairs constituting a hy
pothetical Ce-Pr-Nd-Sm-Eu HEA [16].

Ce 0 0 0 12
0 Pr 0 0 13
0 0 Nd 0 13
0 0 0 Sm 14
12 13 13 14 Eu
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Their properties vary from highly localized magnetism, often with very 
anisotropic interactions, through mixed-valence systems with heavily 
quenched moments, to nonmagnetic heavy-fermion superconductors. 
Due to the unprecedented performance of Ce, we decided to vary its 
content in the alloys from diluted to the concentrated limit, by synthe
tizing a series of MEAs CexPrNdSm, where the contents of Pr, Nd and Sm 
in each alloy were kept nominally equal, while the Ce content was varied 
in the range x = 0.01–1.5.

We have prepared five CexPrNdSm MEAs with the nominal Ce con
tents x = 0.01, 0.1, 0.2, 1.0 and 1.5 by arc-melting stoichiometric 
amounts of the constituent elements under an argon atmosphere. The 
total weights of the resulting polycrystalline ingots after arc melting 
were reduced by 3–10 % with respect to the initial weights, due to the 
elements’ evaporation. The materials were investigated in an as-cast 
state. After cutting and polishing, the samples for measurements were 
kept in ethanol to reduce their oxidation and corrosion in the air at
mosphere. In the following, we will use an abbreviated denotation of the 
samples according to their nominal Ce contents (e.g., the Ce0.01PrNdSm 
sample will be abbreviated as x = 0.01). The three alloys x = 0.01, 0.1 
and 0.2 will be referred to as low-Ce content alloys, while the alloys x =
1.0 and 1.5 will be referred to as Ce-concentrated alloys.

3. Structural and chemical characterization

3.1. X-ray diffraction

Crystal structures were identified by powder X-ray diffraction (XRD) 
using monochromatic Cu Kα1 radiation. The XRD patterns of all five 
alloys in the range of diffraction angles 10◦ < 2θ < 100◦, with the Ce 
content x increasing from top to bottom, are shown in Fig. 1. All alloys 
are single-phase and crystallize in the dhcp structure, with negligible 
traces of other phases. The intensities of the reflections did not match the 
theoretical powder intensities, indicating some preferential orientation 
of the grains in the polycrystalline ingots. For that reason, the Le Bail 
fitting procedure (refining the unit cell based on the positions of the 
reflections and adjusting the intensities individually to fit best) was used 
to determine the unit cell parameters. An attempt to reproduce also the 
intensities was made by assuming a coexistence of two phases, a hcp and 
a dhcp, with the same a parameter, while the c parameters were in the 
ratio 1:2. In that case, a number of peaks are common to both phases, 
whereas some are dhcp-specific. For such model, it could happen that a 
certain combination of the hcp and dhcp phase fractions would repro
duce well also the peak intensities. Performing fitting, no such combi
nation could be found, supporting the consideration that the intensity 
mismatch originates from the dhcp-phase grains’ preferential orienta
tion. Bragg positions of the dhcp reflections, calculated for the unit cell 
parameters of the x = 1.5 alloy are shown by tick marks at the bottom of 
Fig. 1 (and also given in Table S1 of the Supplementary material).

The dhcp unit cell parameters are collected in Table 3 (and plotted as 
a function of the Ce concentration in Fig. S1 of the Supplementary 
material), showing that the a and c parameters both increase monoto
nously with increasing x (from a = 3.6571 Å, c = 11.778 Å in the x =
0.01 alloy to a = 3.6690 Å, c = 11.810 Å in x = 1.5, thus by about 0.3 % 
in the interval x = 0.01–1.5). This reflects the fact that the increased 

concentration of the large-radius element Ce in the alloys slightly ex
pands the lattice. The c/2a ratio ranges from 1.610 for x = 0.01 to 
1.609 for x = 1.5 (Table 3), being smaller than the ideal value 1.633 for 
the entire CexPrNdSm series.

3.2. SEM imaging and EDS chemical analysis of the microstructure

Scanning Electron Microscopy (SEM) backscattered-electron (BSE) 
imaging and Energy Dispersive X-ray Spectroscopy (EDS) were used to 
investigate the microstructure and chemical composition of the alloys. 
The surfaces were first polished with a diamond paste and then prepared 
in vacuum by Focused Ion Beam (FIB) technique using gallium ions, to 
remove the oxidized and corroded surface layer of about 20–40 µm 
thickness (depending on the position). In the following we present the 
results for the x = 0.2 alloy, which is representative of all alloys. The 
SEM BSE image of the surface on the μm scale is presented in the upper 
left panel of Fig. 2, where it is observed that the light-grey matrix is 
homogeneous on this spatial scale, but contains one considerably darker 
elongated region. The EDS elemental maps of the elements Ce, Pr, Nd, 
Sm, and in addition the oxygen O, are shown in other panels of Fig. 2. 
The elemental maps identify the dark elongated region as the RE oxide, 
which was not completely removed by the FIB surface treatment (some 
oxidized regions may also be present in the bulk material, due to pre- 
oxidation of the pure elements used for the synthesis). Disregarding 
the oxide, the EDS elemental maps of the Ce, Pr, Nd and Sm elements 
reveal that their distribution is homogeneous, confirming that the x =

0.2 material is a single-phase random solid solution on the µm scale. A 
homogeneous distribution of the elements on the µm scale is further 
supported by the SEM-EDS elemental line profiles over the path of 10- 
µm length that crosses the oxidized region (Fig. 3). The SEM BSE images 
and EDS elemental maps of other alloys are presented in the Supple
mentary material (Figs. S2–S5) and are in accordance with the above 
results.

The experimental chemical compositions of all five alloys, deter
mined by the EDS point analysis (an average over ten points within the 
surface area of about 100 μm2), together with the nominal compositions 
are given in Table 3, showing that the EDS compositions are not far from 

Table 2 
Atomic radii of the elements [16] and room-temperature crystal structures of the 
pure light-RE metals.

Element Atomic radius 
(nm)

RT crystal structure

Ce 0.183 dhcp, fcc 
(two stable modifications)

Pr 0.183 dhcp
Nd 0.182 dhcp
Sm 0.179 dhcp
Eu 0.199 bcc

Fig. 1. XRD patterns of the CexPrNdSm (x = 0.01– 1.5) MEAs at room tem
perature, with the Ce content x increasing from top to bottom. Bragg positions 
of the dhcp-phase reflections, calculated for the unit cell parameters of the x =

1.5 alloy are shown by tick marks at the bottom (also given in Table S1 of the 
Supplementary material). The reflections that are common to the hcp and dhcp 
phases with the same a, but c in the ratio 1:2, are represented by shorter sticks, 
while the reflections appearing only in the dhcp, but absent in hcp, are repre
sented by longer sticks. Some dhcp-specific reflections (those of a significant 
intensity) are marked by asterisks on the trace of the x = 1.5 alloy.
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the nominal ones.

3.3. TEM analysis of the nanostructure

The nanostructure was investigated by Transmission Electron Mi
croscopy (TEM) methods of high-angle annular dark field (HAADF) and 
bright-field (BF) scanning TEM (STEM) imaging, STEM-EDS elemental 
mapping, electron energy loss spectroscopy (EELS) and selected area 
electron diffraction (SAED). The nanostructure was determined for two 
alloys of the CexPrNdSm series, the x = 0.01 (with the lowest Ce con
tent) and x = 1.5 (with the highest Ce content). The lamellae of thick
ness about 100 nm for the TEM investigations were prepared by FIB 

using gallium ions.
The HAADF-STEM images of both alloys on two magnification scales 

are presented in Fig. 4, where it is evident that both show the nano
structure of numerous darker precipitates of about 50–100 nm cross 
dimension in a lighter matrix. Since the nanostructures of the two alloys 
are qualitatively similar, we analyze here the nanostructure of the x =

1.5 alloy and consider it representative of all investigated CexPrNdSm 
alloys, while the nanostructure of the x = 0.01 alloy is discussed in the 
Supplementary material (and detailed in Figs. S6 and S7). The HAADF 
contrast observed in Fig. 4 could be due to (1) compositional in
homogeneities (precipitates having lower average atomic number than 
the matrix), (2) structural differences (precipitates having different 

Table 3 
List of the investigated CexPrNdSm alloys, their nominal and SEM-EDS chemical compositions, the dhcp unit cell parameters and the c/2a ratio.

Alloy 
(abbreviated name)

Alloy 
(nominal composition)

Alloy 
(nominal composition at%)

SEM-EDS composition 
(at%)

Lattice parameters (dhcp) 
(Å)

c/2a

x = 0.01 Ce0.01PrNdSm Ce0.4Pr33.2Nd33.2Sm33.2 Ce0.5Pr34.5Nd35.7Sm29.3 a = 3.6571(2), c = 11.778(1) 1.610
x = 0.1 Ce0.1PrNdSm Ce3.1Pr32.3Nd32.3Sm32.3 Ce3.1Pr30.9Nd32.1Sm33.9 a = 3.6574(2), c = 11.779(1) 1.610
x = 0.2 Ce0.2PrNdSm Ce6.4Pr31.2Nd31.2Sm31.2 Ce7.0Pr31.5Nd35.0Sm26.5 a = 3.6603(2), c = 11.783(1) 1.610
x = 1.0 Ce1.0PrNdSm Ce25.0Pr25.0Nd25.0Sm25.0 Ce26.4Pr26.9Nd28.2Sm18.5 a = 3.6676(2), c = 11.804(1) 1.609
x = 1.5 Ce1.5PrNdSm Ce33.4Pr22.2Nd22.2Sm22.2 Ce34.1Pr23.0Nd23.7Sm19.2 a = 3.6690(2), c = 11.810(1) 1.609

Fig. 2. SEM-BSE image (upper left panel) and SEM-EDS elemental maps of the x = 0.2 alloy. The oxygen map is shown as well.

Fig. 3. SEM-EDS compositional line profiles of the elements in the x = 0.2 alloy (including oxygen), measured along a 10-µm path that crosses the oxidized region. 
The path is drawn in the BSE image (left panel), where the oxidized region is marked by the dashed oval.
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crystal structure than the matrix), (3) thickness difference (precipitates 
being thinner than the matrix) and (4) orientation difference (pre
cipitates having the same crystal structure as the matrix, but are in a 
different crystallographic orientation). These four possibilities were 
systematically checked by EDS elemental mapping, EELS spectroscopy 
(thickness measurement) and diffraction (structure and orientation). 
The STEM-EDS elemental maps of the x = 1.5 alloy (Fig. 5a) do not show 
any significant differences between the matrix and the precipitates, 
revealing that the chemical composition of both is more or less identical 
(the STEM-EDS composition of both was about Ce34Pr23Nd24Sm19, 
matching excellently the SEM-EDS average composition 
Ce34Pr23Nd24Sm19), thus ruling out the compositional inhomogeneities 
as the origin of the HAADF contrast. The possibility of thickness dif
ference was checked by EELS at several locations marked by numbers 
1–6 in the BF-STEM image (Fig. 5b) that include both the matrix and the 
precipitates (recall that the contrast of the BF image is inverted with 
respect to the HAADF image, so that the precipitates in BF appear 
bright). The results are presented in Fig. 5b (the estimated error is 
around 10 %), demonstrating the absence of any significant deviations 
in thickness over the studied plate.

The possible structural and orientational differences between the 
precipitates and the matrix were studied by electron diffraction. The 
SAED pattern of the x = 1.5 alloy is shown in Fig. 6a. At first glance, the 
diffraction spots (actually groups of spots) look like they represent the 
[001] zone of a hexagonal structure, but the spots are surprisingly not 
single, but rather complex groups of spots, where the complexity is 

better visible on the spots with larger Miller indices (the spots far from 
the center). The zoomed central part of the SAED pattern is shown in 
Fig. 6b. The powder XRD results (paragraph 3.1.) have revealed that the 
material is a single-phase dhcp solid solution with the unit cell param
eters a ≈ 3.67 Å and c ≈ 11.8 Å. If the zone of the diffraction pattern in 
Fig. 6 were [001], the six spots closest to the center would have the 
Miller indices hkl of the 100 family (100, 010, 110, 100, 010 and 110) 
and would all have the same interplanar spacing d value of 3.18 Å. The d 
values measured in the SAED pattern (Fig. 6b) show that this is not the 
case. Just one Friedel pair has the expected value of 3.19 Å (the differ
ence of 0.01 Å between the XRD and SAED is insignificant as the SAED is 
not very precise; the match is in fact very good). The corresponding peak 
in the XRD pattern (the x = 1.5 trace of Fig. 1) is at about 28.1◦ 2θ. The 
other two Friedel pairs have the d values, calculated from the SAED, of 
3.07 Å and 3.08 Å. This is in a very close agreement with the unit cell 
derived from XRD, where the reflections of the 101 family have the d 
value of 3.07 Å and the corresponding XRD peak is at about 29.0◦. This 
means that the zone axis (or one of the zone axes) of the grains that are 
irradiated by the broad parallel beam in the SAED experiment (the 
diameter of the SAED circular aperture was 1 µm) must be such that 
some reflections from the 100 and 101 families are observed simulta
neously. Such zones are of the type [101] and [111] (uvw notation). The 
small difference (in terms of the SAED resolution) between the two 
measured d values (3.19 and 3.07 Å) arises from the c/a ratio of the dhcp 
structure of the studied alloy. The assumption that the two d values 
belong to two dhcp structures in similar orientation, but differing in the 

Fig. 4. HAADF-STEM images on two magnification scales of the x = 1.5 alloy (panels (a) and (b)) and the x = 0.01 alloy (panels (c) and (d)).
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unit cell parameters is not realistic – the two unit cells would differ so 
much that this would be clearly seen in the XRD powder pattern (the 
peaks of the two structures would be separated for about a degree).

The multiple spots that become increasingly more visible at larger 
diffraction angles (smaller d values, larger Miller indices) can be 
explained by a superposition of diffraction patterns of multiple grains 
having the same crystal structure but different orientation around a 
common zone axis. We illustrate this presumption by an idealized model 
of superposition of three simulated diffraction patterns of the dhcp 
structure with a = 3.67 Å and c = 11.8 Å. The zone axis was [111] (uvw) 
in all cases, but the second pattern is rotated by 120◦ and the third by 
240◦ clockwise against the first one. The result is shown in Fig. 7, where 
empty circles/squares mark kinematically extinct reflections. Miller 
indices of some groups of reflections are also written. The simulation 
provides triplets of spots in each group that are increasingly more 
separated at larger diffraction angles.

The triplets of spots resulting from the above idealized model are 
obviously not enough to explain the experimental SAED pattern of 
Fig. 6, where many more spots are visible in the groups at higher angles. 
This means that there must be more grains in the beam, where their zone 
axes do not coincide perfectly with each other and also the mutual ro
tations are likely not exactly 120◦ and 240◦, but deviate for a small 
amount from these values. This gives rise to several separated diffraction 
spots. Very similar simulation can be done with the zone axis [101]. In 
both cases there are some spots, which are observed in the experimental 
SAED pattern, but are not predicted in the simulations, based on kine
matic approximation due to symmetry induced systematic extinctions. It 
can be speculated that the reason for observing these reflections can 
either be multiple diffraction (dynamic effect) or the presence of grains 
that are oriented along the [001] zone.

After all other reasons for observing the dark precipitates in the 
HAADF image have been ruled out, the above explanation confirms that 

Fig. 5. (a) STEM-EDS elemental maps of the x = 1.5 alloy. The HAADF-STEM image of the investigated area is shown in the upper left panel. (b) BF-STEM image of 
the same area, where the numbers denote the locations of the EELS thickness determination. The thickness values are also given (the estimated error is around 10 %).
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the reason for the image contrast is the crystallographic orientation of 
the precipitates, which is different from the orientation of the matrix, 
but not random. The precipitates adopt various equivalent orientations 
that allow them to retain structural coherence with the matrix. It is 

possible that the underlying crystallographic process is twinning, but 
proving/disproving this hypothesis is beyond the scope of this work. 
Different orientation of the precipitates (grains) and varying electron 
channeling can also explain the tiny decrease in the intensity of all 

Fig. 6. (a) SAED pattern of the x = 1.5 alloy. The groups of reflections in the highlighted rectangle are shown magnified in the upper right corner of the panel. (b) 
Magnified central part of the SAED pattern. The interplanar spacings d of some reflections are also written.

Fig. 7. Simulated SAED pattern of the x = 1.5 alloy (dhcp structure with a = 3.67 Å and c = 11.8 Å). The pattern is a superposition of three patterns, where the zone 
axis is [111] (uvw notation) in all cases. The second pattern (red) is rotated by 120◦ and the third (green) by 240◦ clockwise against the first one (blue). Empty 
circles/squares denote kinematically extinct reflections. Miller indices of some groups of reflections are also written.
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elements in the STEM-EDS elemental maps presented in Fig. 5a.

4. Results

4.1. Direct-current magnetic susceptibility

Direct-current (dc) magnetic susceptibility χ = M/H was measured 
in the temperature interval from RT to 1.8 K in magnetic fields between 
μ0H = 0.5 mT (equivalent to 5 G, in cgs units) and 7 T. The ultra-low- 
field option of the employed SQUID magnetometer was used to assure 
accurate and repeatable magnetic field setting in the low-field limit. The 
susceptibility was determined for both zero-field-cooled (zfc) and field- 
cooled (fc) protocols. The zfc and fc susceptibilities, χzfc and χfc, of all 
alloys in the lowest investigated field of 0.5 mT are shown in Fig. 8, 
where the following features are observed. χzfcs of the three low-Ce 
content alloys x = 0.01, 0.1 and 0.2 reveal a two-component struc
ture, a 1/T Curie-type paramagnetic component and a relatively narrow 
peak, which appears at a temperature that decreases with the increasing 
Ce content x (i.e., the peaks in the x = 0.01, 0.1 and 0.2 alloys are 
located at temperatures 28, 26 and 22 K, respectively). The peak height 
increases slightly with x. The paramagnetic component is marked by an 
arrow in the χzfc of the x = 0.1 alloy. The fact that at the lowest tem
peratures (below about 5 K) the 1/T-type growth of the paramagnetic 
component disappears and χzfc levels off can be attributed to increased 
interactions between the paramagnetic moments. χfcs, on the other 
hand, exhibit stronger growth in the same temperature range and the 
peak is broader, while the χfc values also increase slightly with x. The 
above behavior of χzfc and χfc is indicative of an inhomogeneous mag
netic structure, consisting of paramagnetic domains of weakly coupled 
spins and domains of stronger coupled spins (spin clusters). The exis
tence of the χzfc − χfc difference indicates magnetic frustration and 

broken ergodicity on the experimental time scale of the clusters at low 
temperatures, bearing similarity to SGs. The two Ce-concentrated alloys 
x = 1.0 and 1.5 possess much larger χzfc and χfc susceptibilities (the χfc 

value of the x = 1.5 alloy at 2 K is larger by a factor of about 70 relative 
the x = 0.01 alloy), signaling strong increase of the magnetization of 
spin clusters. The χzfc and χfc of the x = 1.5 alloy are also significantly 
larger from those of the x = 1.0 alloy. The peaks in χzfc of these two 
alloys have further shifted down to lower temperatures relative to the 
three low-Ce content alloys, to about 11 K for both alloys. The zfc sus
ceptibilities of all five alloys at temperatures below 40 K are plotted on 
the same graph in the lower right panel of Fig. 8, accenting the large 
increase of χzfc in the two Ce-concentrated alloys.

The fc susceptibility of the three low-Ce content alloys shows addi
tional, FM-like component below about 100 K, marked in Fig. 8 by a 
dashed arrow in the panel of the x = 0.2 alloy. This FM component is 
present also in the χfcs of the two Ce-concentrated alloys, but cannot be 
observed in the respective graphs of Fig. 8 due to a much larger vertical 
scale. It is straightforward to associate this weak FM component with the 
RE oxides that are present in all investigated alloys (see Figs. 2 and 3, as 
well as Figs. S2–S5). It is known from literature that cerium(IV) oxide 
CeO2, which is diamagnetic in its bulk crystalline fluorite form due to 
the Ce4+ valence state, exhibits weak ferromagnetism below RT when 
prepared in a nanopowder form or as nanoporous thin films [22,23]. The 
FM behavior has been ascribed to localized electron spin moments 
formed at oxygen vacancies near the nanosurfaces, estimating that a tiny 
volume part of about 0.1–0.5 % of the CeO2 samples are ferromagnetic. 
While our SEM-EDS analysis cannot unravel which RE element in the 
CexPrNdSm MEAs forms the oxide (perhaps all four of them, either in the 
trivalent RE2O3 or tetravalent REO2 forms), it is plausible that CeO2 is 
present to some extent, being the origin (or one of the origins) of the tiny 
FM component in the fc magnetization. The oxides are, however, 

Fig. 8. Temperature-dependent zfc and fc dc susceptibilities, χzfc and χfc, of all alloys in the lowest investigated field of 0.5 mT (note the large change of the vertical 
scale on the graphs of the two Ce-concentrated alloys x = 1.0 and 1.5 relative to the three low-Ce content alloys). Solid arrow on the χzfc curve of the x = 0.1 alloy 
marks the paramagnetic component, while the dashed arrow on the χfc of the x = 0.2 alloy marks the FM component due to the CeO2 oxide (see text). The zfc 
susceptibilities of all alloys on an expanded temperature scale below 40 K are plotted on the same graph in the lower right panel.
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electrically insulating and do not contribute significantly to the mag
netic phenomena in the metallic CexPrNdSm MEAs, because the RKKY 
interaction between the RE ions (which is mediated by the conduction 
electrons) is absent in the insulator.

The strength of the interaction responsible for the formation of the 
SG-like spin clusters (considered to be the RKKY indirect exchange) was 
investigated by performing measurements of χzfc and χfc in different 
magnetic fields up to 7 T and observing how the Zeeman interaction 
gradually destroys the internal magnetic structure by shifting the 
χzfc − χfc bifurcation temperature towards lower temperatures and finally 
completely removing it (i.e., the χzfc − χfc difference disappears). This is 
shown in Fig. 9 for two representative samples x = 0.1 and x = 1.5. For 
the x = 0.1 alloy, the χzfc − χfc bifurcation at 1.8 K is still observed in a 
5 T field, but is absent in 7 T, while for the x = 1.5 alloy, the bifurcation 
remains to be observed in a field of 2 T, but not higher. These values 
indicate that the internal magnetic structure is quite stiff, with the ex
change interaction being a bit weaker in the x = 1.5 alloy, as compared 
to the x = 0.1. One of the effects of increased cerium content in the 
CexPrNdSm MEAs is hence slight weakening of the exchange interaction.

4.2. Paramagnetic susceptibility

At temperatures above the χzfc − χfc bifurcation temperature, the 
susceptibility of all alloys becomes magnetic field-independent up to the 
highest field of 7 T, indicating the paramagnetic regime. The para
magnetic susceptibility was analyzed by the expression 

χ = C/(T − θ) + χ0, (1) 

where the first term represents the Curie-Weiss susceptibility of local
ized paramagnetic moments, with C denoting the Curie-Weiss constant 
and θ the Curie-Weiss temperature, while the term χ0 is the temperature- 
independent part of the susceptibility (a sum of the negative diamag
netic atomic core susceptibility χLarmor, the positive paramagnetic Pauli 
spin susceptibility χPauli of the conduction electrons and the negative 
diamagnetic Landau susceptibility χLandau due to the conduction-electron 
orbital circulation in a magnetic field, where in the independent- 
electron approximation, the absolute values of all three contributions 
are of the same order of magnitude). The susceptibility of all alloys in the 
field of 3 T is shown in Fig. 10 in a (χ − χ0)

− 1 versus T plot, in a separate 
panel for each alloy. The fits with Eq. (1) of the high-temperature data 
between RT and 75 K are presented by solid lines and the fit parameter 
values are collected in Table S2 of the Supplementary material. The 
mean effective paramagnetic Bohr magneton number peff that de
termines the mean effective paramagnetic moment μeff = peff μB per 

average atom of the alloy (e.g., per one Ce0.031Pr0.309Nd0.321Sm0.339 
“atom” in the case of the x = 0.1 alloy) was extracted from the Curie- 

Weiss constant, using the relation peff =
(

797.7
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
mol/m3K

√ ) ̅̅̅̅
C

√
[24]. 

The results are presented in the lower right panel of Fig. 10, where it is 
observed that the peff values of all alloys are very much the same (not 
depending significantly on the Ce content x), being scattered randomly 
around the value 2.86. This result seems surprising at first glance, but 
becomes understandable when comparing the experimental peff values 
of the alloys to their composition-averaged theoretical (calculated) 

values pcalc =
(∑4

i=1cig2
i Ji(Ji + 1)

)1/2
, where i = Ce, Pr, Nd, Sm, ci is the 

EDS concentration of the i-th element in the alloy, while the gi and Ji 
values of the employed RE ions are collected in Table 4. For example, the 
composition-averaged theoretical Bohr magneton number of the x =

0.01 alloy with the EDS composition Ce0.5Pr34.5Nd35.7Sm29.3 amounts to 
pcalc = 3.05, as compared to the peff = 2.80 experimental value. The 
theoretical Bohr magneton numbers of all alloys are also presented in 
the lower right panel of Fig. 10, being close to their respective experi
mental values and do not depend significantly on the Ce content x. This 
elucidates the apparent independence of the experimental paramagnetic 
μeff on x.

The Curie-Weiss temperatures of all alloys are negative, with the 
values in the interval θ ≈ –4 to –8 K and estimated uncertainty of ±2 K. 
The dominant spin coupling in the CexPrNdSm MEAs is hence AFM 
(antiparallel) type, which is consistent with the fact that pure metals of 
the employed RE elements all order AFM at low temperatures (their Néel 
temperatures TN are given in Table 4). As the experimental uncertainty 
is of the same order as the θ values themselves, no systematic variation 
of θ with the Ce content x can be claimed. The experimental χ0 values of 
all alloys were found slightly positive, in the range [6.1–7.5]× 10–9 

m3mol–1, indicating dominance of the Pauli paramagnetic spin suscep
tibility. Comparison to the Larmor diamagnetic susceptibility calculated 
from literature tables [25], which for e.g. the x = 0.1 alloy amounts to 
χLarmor = –2.5× 10–10 m3mol–1 confirms the expected order of magni
tude of χ0.

4.3. Alternating-current magnetic susceptibility

Alternating-current (ac) magnetic susceptibility was determined in a 
sinusoidal magnetic field of amplitude μ0H0 = 0.2 mT at nine fre
quencies ν in the range 0.316–1000 Hz. The real part of the ac suscep
tibility χʹ of all alloys in the low-temperature range (where the χzfc − χfc 

splitting in the dc susceptibility starts to be observed) is presented in 
Fig. 11. In all cases, a frequency-dependent peak in χʹ is observed at a 
temperature that coincides with the peak in the dc χzfc. This can be 

Fig. 9. Magnetic-field dependence of χzfc and χfc at temperatures below 40 K in the fields up to 7 T for (a) x = 0.1 alloy and (b) for x = 1.5, demonstrating how the 
χzfc − χfc bifurcation temperature shifts to lower temperatures with the field as the Zeeman interaction gradually destroys the internal magnetic structure.
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verified by comparing the χʹ(0.316 Hz) susceptibilities of all alloys 
presented on the same graph in the lower right panel of Fig. 11 to the dc 
zfc susceptibilities χzfc presented in the lower right panel of Fig. 8, where 
good matching is observed. Upon increasing the frequency ν, the peak in 
χʹ of each alloy shifts to higher temperatures and its amplitude di
minishes. This is a fingerprint of broken ergodicity of the spin system on 
the experimental time scale, where the magnetically frustrated system 
contains a distribution of local magnetic moments of coupled spin en
tities. At low frequencies, most of the moments are able to follow the ac 
magnetic field instantaneously, whereas at elevated frequencies, large 
moments can no longer follow the field, while smaller moments still can, 
which results in the χʹ amplitude decrease. In analogy to SGs, we asso
ciate the temperature of the peak in χʹ(ν) with the frequency-dependent 
spin freezing temperature Tf (ν). In Fig. 12, the relation 
Tf (ν)/Tf (0.316 Hz) is shown on a logarithmic frequency scale for all 
alloys, whereas the fractional shift of the spin freezing temperature per 
decade of frequency Γ = ΔTf/Tf Δ(logν), as a function of the Ce content 

x is shown in the lower right panel of Fig. 12.
The ac susceptibility results show the following trends. (1) The 

magnitude of the χʹ peak increases with x, where for the lowest fre
quency of 0.316 Hz, the maximum χʹ value of the x = 1.5 alloy is by a 
factor 13 larger as compared to the x = 0.01 alloy, indicating an increase 
of the clusters’ magnetization that contribute to the ac susceptibility 
signal. (2) For each alloy, the increasing frequency strongly diminishes 
the χʹ amplitude, which almost vanishes at the highest frequency of 
1000 Hz. This rapid decrease happens over a relatively narrow fre
quency interval, spanning over four orders of magnitude. (3) The spin 
freezing temperature Tf at a given frequency decreases with the 
increasing Ce content x in the alloys (note that the Tf s of the two Ce- 
concentrated alloys x = 1.0 and 1.5 are more or less equal). At the fre
quency of 0.316 Hz, the Tf of the x = 0.01 alloy amounts to 28.4 K, but 
shifts to about 12 K for the x = 1.0 and 1.5 alloys. (4) In contrast, the 
relative shift Tf (ν)/Tf (0.316 Hz) increases with the increasing Ce con
tent x. While for the x = 0.01 alloy, the total relative shift in the fre
quency range 0.316–1000 Hz is by 2 %, the shift amounts to 7 % for the 
x = 1.5 alloy. (5) The associated fractional shift of the spin freezing 
temperature per decade of frequency Γ also increases with x. For the x =

0.01 alloy, Γ = 6.6× 10–3, while it has increased to Γ = 2.0× 10–2 for 
the x = 1.0 and 1.5 alloys. The Γ values in the range 10–3–10–2 are 
typical for SGs (magnetically frustrated systems of coupled spins or spin 
clusters) [26]. For comparison, superparamagnets (systems of spin 
clusters that are uncoupled to each other) exhibit larger values of the 
order Γ ≈ 10–1. The above results confirm that the increased Ce content 
x increases the clusters’ magnetization, but also weakens the interspin 
interactions in the CexPrNdSm MEAs, so that the clusters’ moments 
become less coupled and more easily reorientable by the ac magnetic 
field (i.e., the moments’ dynamics is gradually changing from SG-type 

Fig. 10. Magnetic susceptibility of all alloys between RT and 1.8 K in the field of 3 T, presented in a (χ − χ0)
− 1 versus T plot. Solid lines are fits with Eq. (1) of the 

high-temperature data between RT and 75 K (for details see text). The lower right panel shows the experimental mean effective Bohr magneton number peff and the 
respective composition-averaged theoretical (calculated) pcalc value for each alloy, as a function of the Ce EDS concentration. The Bohr magneton numbers are 
presented per average atom of the alloy, e.g., per one Ce0.031Pr0.309Nd0.321Sm0.339 “atom” in the case of the x = 0.1 alloy. The horizontal dashed line at the value 2.86 
represents the average of the experimental peff s.

Table 4 
Landé g-factor, total angular momentum quantum number J, de Gennes factor G 
= (g − 1)2J(J+1) of triply ionized ions and Néel temperatures TN of the mag
netic moments at the hexagonal and cubic sites of the dhcp pure metals [15].

Element g J G TN 

(K)

hex. cubic

Ce 6/7 5/2 0.18 13.7 12.5
Pr 4/5 4 0.80 0.05
Nd 8/11 9/2 1.84 19.9 8.2
Sm 2/7 5/2 4.46 106 14.0
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into the direction of superparamagnets, though the superparamagnetic 
limit is not reached).

4.4. The M(H) magnetization curves

The M(H) magnetization versus the magnetic field curves were 
measured in a magnetic field sweep μ0H = ±7 T at several temperatures 
between RT and 1.8 K. The curves of all alloys at the lowest temperature 
of T = 1.8 K are shown in Fig. 13, for each alloy in a separate panel. The 
three low-Ce content alloys x = 0.01, 0.1 and 0.2 exhibit narrow hys
teresis, demonstrated on an expanded scale in the insets. The hysteresis 
loops of the x = 0.01 and 0.1 alloys close up in a field of about 3 T, while 
the loop of the x = 0.2 alloy closes in a bit lower field of about 2.5 T. 
Such close-up field values reveal predominant AFM-type hysteresis (FM- 
type hysteresis loops typically close in about 10-times lower fields). The 
hysteresis loops of the two Ce-concentrated alloys x = 1.0 and 1.5 are 
broader and the loops close up in a still lower field of about 2 T. The 
coercive field at 1.8 K of all alloys is presented in the lower right panel of 
Fig. 13, where it is seen that it increases linearly with the increasing Ce 
content x, ranging from μ0Hc ≈ 37 mT for the x = 0.01 alloy to μ0Hc ≈

253 mT for x = 1.5. The M(H) curves at T = 10 K, where the hysteresis is 
smaller, are shown in Fig. 14. Comparing the M(H) curves of different 
alloys, we observe that the curves of the two Ce-concentrated alloys 
show qualitative difference to those of the three low-Ce content alloys. 
Namely, the former contain an additional magnetization component 
which increases with the field very rapidly in the low-field region, as 
demonstrated in the insets where the curves are shown on an expanded 
scale.

The M(H) curves were analyzed theoretically. The fitting model for 
the three low-Ce content alloys was constructed following two experi

mental findings: (1) the dc susceptibility results indicate a magnetically 
mixed state, composed of paramagnetic domains and SG-type spin do
mains and (2) the M(H) results indicate predominant AFM-type 
magnetization curves of the spin clusters. Accordingly, we assume the 
magnetization to be a sum M = Mp + MAFM, where Mp describes the 
paramagnetic part, while MAFM is an approximation for the cluster part 
of the magnetization. If the paramagnetic spins would be totally 
noninteracting, Mp should be written as a sum of four Brillouin func
tions, each one with its own set of the g and J parameters pertinent to the 
four RE elements constituting the CexPrNdSm alloys and weighted with 
the respective EDS concentrations of the elements in the alloy. However, 
at temperatures below the spin freezing transition, it is unphysical to 
assume that the paramagnetic spins are totally noninteracting (though 
long-range magnetic ordering does not take place), in which case the 
Langevin classical theory of paramagnetism appears more suitable. The 
Langevin theory assumes that each magnetic “particle” can possess an 
effective magnetic moment of arbitrary magnitude. For a paramagnet 
with weak interspin interactions, a magnetic particle can be a cluster of a 
few coupled spins, possessing an effective magnetic moment μeff = peff μB 

that is by a small factor (such as 2–3) larger than the moments of single 
ions, accounting for the emerging short-range magnetic order. Conse
quently, the total magnetization can be written as 

M = Mp +MAFM = M0L (y)+ χAFMH (2) 

Here L (y) = cothy − 1/y is the Langevin function, y =

μ0peff μBH/kBT, where peff is the mean effective Bohr magneton number 
of the paramagnetic moments in the regime where the short-range order 
starts to build, M0 is the paramagnetic saturation magnetization and 
χAFM is the susceptibility of the spin clusters. The fit parameters are M0, 
peff and χAFM. Eq. (2) cannot reproduce the M(H) hysteresis, but just the 

Fig. 11. Real part of the ac susceptibility χʹ of all alloys in the low-temperature range, where the χzfc − χfc splitting in the dc susceptibility starts to be observed. The 
width of the displayed temperature interval is the same on all graphs, while there is a change of the vertical scale for the two Ce-concentrated alloys relative to the 
three low-Ce content alloys. Vertical dashed line in each panel indicates the temperature of the χʹ maximum at the lowest frequency of 0.316 Hz, associated with the 
spin freezing temperature Tf (0.316 Hz). The lower right panel shows χʹ at the lowest frequency of 0.316 Hz of all alloys on an expanded temperature scale 
below 40 K.

J. Petrović et al.                                                                                                                                                                                                                                 Materials Today Communications 51 (2026) 114898 

11 



Fig. 12. The relation Tf (ν)/Tf (0.316 Hz) on a logarithmic frequency scale for all alloys. The lower right panel shows the fractional shift of the spin freezing tem
perature per decade of frequency Γ = ΔTf/Tf Δ(logν), as a function of the Ce EDS concentration.

Fig. 13. Magnetization versus magnetic field, M(H), curves of all alloys at the temperature 1.8 K. The hysteresis is presented on an expanded scale in the insets. The 
magnetization is presented per average atom of the alloy, e.g., per one Ce0.031Pr0.309Nd0.321Sm0.339 “atom” in the case of the x = 0.1 alloy. The lower right panel 
shows the coercive field at 1.8 K as a function of the Ce EDS concentration.
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average trend of the M(H) curve within the hysteretic region. For that 
reason, we have performed fitting of the M(H) curves at T = 10 K, where 
the hysteresis width is still tiny. Though the Langevin theory cannot 
account for the hysteresis, it is also widely used in literature to repro
duce the average trend of the M(H) curves of FM and FiM materials, by 
taking large values of the peff parameter, such as 100 or 1000 (depending 
on the size of the magnetically ordered spin domains).

When constructing the fitting model for the two Ce-concentrated 
alloys x = 1.0 and 1.5, we recall that their experimental M(H) curves 
exhibit an additional fast-growing magnetization component relative to 
the three low-Ce content alloys. This additional component can be 
modeled by a second Langevin term added to Eq. (2), with a much larger 
value of the peff parameter. The magnetization is then written as M =
M01L (y1) + M02L (y2) + χAFMH, with two different mean effective 
Bohr magneton numbers peff ,1 and peff ,2 as the fit parameters.

The fits of the 10 K M(H) curves with the theoretical expressions 
described above are presented as solid curves in Fig. 14. Individual 
contributions to the total magnetization are also shown, whereas the fit 
parameters are collected in Table 5. The peff values of the three low-Ce 
content alloys x = 0.01, 0.1 and 0.2 amount to 8.0, 8.5 and 9.7, 
respectively, with the estimated uncertainty of ±1. As shown in the 
lower right panel of Fig. 10, the corresponding high-temperature para
magnetic peff values amount to about 2.9 for all three alloys, so that the 
peff values below the spin freezing transition are by a factor about 2–3 
larger than the theoretical single-ion paramagnetic Bohr magneton 
numbers pCe = 2.54, pPr = 3.58, pNd = 3.62 and pSm = 0.85 [15]. This 
justifies the employed assumption that the paramagnetic spins below the 
spin freezing transition form clusters of a few coupled spins, a precursor 
of magnetic short-range order. The two Ce-concentrated alloys possess 

two different mean effective Bohr magneton numbers each, amounting 
to peff ,1 = 15.1 ± 1 and peff ,2 = 850 ± 10 for the x = 1.0 alloy and peff ,1 =

14.5 ± 1 and peff ,2 = 864 ± 10 for x = 1.5. The peff ,1 values are slightly 
increased with respect to those of the three low-Ce content alloys (by a 
factor less than 2), indicating somewhat increased magnetic short-range 
order within the paraphase. On the other hand, the large peff ,2 ≈ 860 
values reveal the presence of giant local magnetic moments, attributable 
to large spin clusters.

We also comment the meaning of the employed approximation that 
the magnetization of the SG-type domains was modeled by the AFM-type 
expression MAFM = χAFMH. In a SG, randomness introduces a continuous 
distribution P(J ) of the exchange coupling constants J . For a SG system 
with predominant AFM-type couplings, the average interaction is biased 
towards a net negative value, J < 0, at which the P(J ) is peaked 
(shown schematically in the lower right panel of Fig. 14). The employed 

Fig. 14. The M(H) curves of all alloys at 10 K. The inset in each panel shows the particular curve in the low-field region on an expanded scale. Solid curves are fits 
described in the text. Individual contributions to the total magnetization are also shown, where the antiferromagnetic contribution is denoted as AFM, whereas the 
Langevin contribution is denoted as L (or L1 and L2 for the two Ce-concentrated alloys). The magnetization is presented per average atom of the alloy, e.g., per one 
Ce0.031Pr0.309Nd0.321Sm0.339 “atom” in the case of the x = 0.1 alloy. The distribution function of the exchange constants P(J ) for a SG-type system with predominant 
AFM-type coupling between the spins is shown schematically in the lower right panel.

Table 5 
Fit parameters of the M(H) magnetization curves at T = 10 K, as presented in 
Fig. 14. The quantities that are presented per atom were calculated per average 
atom of the alloy, e.g., per one Ce0.031Pr0.309Nd0.321Sm0.339 “atom” in the case of 
the x = 0.1 alloy.

Alloy M0 

(μB/ 
atom)

peff χAFM/μ0 
(μB T–1/ 
atom)

M01 

(μB/ 
atom)

peff,1 M02 

(μB/ 
atom)

peff,2

x =

0.01
0.454 8.0 0.04639

x = 0.1 0.446 8.5 0.04971
x = 0.2 0.452 9.7 0.04992
x = 1.0 0.05125 0.397 15.1 0.031 850
x = 1.5 0.05267 0.315 14.5 0.043 864
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approximation is thus equivalent of replacing the P(J ) distribution by a 
single average J < 0 coupling constant.

4.5. Electrical resistivity

Electrical resistivity ρ(T) was determined at temperatures between 
300 and 1.8 K in magnetic fields μ0H = 0–9 T. The zero-field resistivities 
of all alloys normalized to their RT values, ρ(T)/ρ300K, are shown in 
Fig. 15 (lower right panel), whereas the raw data (not normalized) are 
shown in Fig. S8 of the Supplementary material. The raw data are 
affected by the experimental error coming from the uncertainty in the 
determination of the samples’ length and cross section and possible in
homogeneity of the electrical contacts. This error makes the absolute 
resistivity values of different samples to scatter randomly (uncorrelated 
to the Ce content x) by about ±5 % around the average value that 
amounts at RT to about 80 µΩcm. When analyzing the normalized re
sistivity ρ(T)/ρ300K, these errors are compensated and the dependence 
on the Ce content becomes evident. The resistivities are metallic-type, 
with a linear increase at temperatures above about 100 K, where the 
positive temperature coefficient gradually decreases with increasing Ce 
content x. Below 100 K, the variation of ρ(T) becomes stronger and the 
resistivity starts to depend on the magnetic field below about 40 K. This 
is demonstrated in other panels of Fig. 15, where the resistivities in the 
fields 0, 3, 6 and 9 T are shown on an expanded temperature scale, in a 
separate panel for each alloy. The resistivity decreases with increasing 
field, which can be explained by considering that the total resistivity is a 
sum ρ = ρimp +ρph +ρm, where ρimp is a temperature-independent term 
due to elastic scattering of conduction electrons by quenched impurities 
(including static lattice distortions), ρph is a temperature-dependent 
term due to electron-phonon scattering that increases with tempera
ture as Tn (where n = 1 well above the Debye temperature and n = 3–5 
far below it), whereas ρm is a temperature-dependent magnetic contri
bution known as spin-disorder scattering, which is especially pro
nounced in RE metals and alloys. The origin of ρm is inelastic scattering 
of the conduction electrons by the thermally-induced excitations of the 
magnetic state or fluctuations of short-range ordered magnetic clusters 

on approaching the collective state. Coupling of the fluctuating RE 
moments to the conduction electrons induces electronic transitions from 

an occupied state 
⃒
⃒
⃒k
⇀

σ
〉

to an unoccupied state 
⃒
⃒
⃒k
⇀

σ́́
〉

, where k
⇀ 

is the 

wave vector and σ the spin of conduction electron, which is the micro
scopic mechanism of ρm. In an increasing magnetic field, the growing 
Zeeman interaction locks and holds the fluctuating moments along the 
field direction and impedes their reorientations, so that the magnetic 
contribution ρm to the electrical resistivity is reduced.

The shape of the ρ(T) curves in the low-temperature regime, where 
they depend on the magnetic field deserves special attention. For the 
alloy with the lowest Ce content x = 0.01, the ρ(T) curves do not show 
any peculiarity, while in the alloys with increasing x, the curves grad
ually undergo a transition to a region with a significantly larger (posi
tive) slope in the low-temperature limit. This is indicated by an arrow in 
the resistivity graphs of the two Ce-concentrated alloys in Fig. 15. Such 
behavior is characteristic for magnetic structures with nonzero sponta
neous magnetization (FM and FiM states), where the spin-disorder re

sistivity is given by ρm = ρpara

{
1 − [M(T)/M(0) ]2

}
[27–29]. Here M is 

the spontaneous magnetization of the FM or FiM state that is nonzero 
below the magnetic ordering temperature, either Curie temperature TC 
for a FM or Néel temperature TN for a FiM, but also slightly above those 
temperatures due to the development of the magnetic short-range order 
within the paramagnetic phase. The term ρpara is the magnetic resistivity 
of the paramagnetic state that is temperature independent and propor
tional to the square of the exchange coupling constant between the 
localized spins and the conduction electrons. The above ρm expression 
gives a rather discontinuous change of slope in the total ρ(T) when 
crossing the transition temperature. Applying the magnetic field, M is 
increased, which produces negative magnetoresistance. All this is 
consistently observed in the experimental resistivity curves of Fig. 15. 
For the x = 1.0 and 1.5 alloys, the transition to the nonzero spontaneous 
magnetization state (in a fraction of the sample) occurs in the vicinity of 
10 K, in agreement with the dc susceptibility results.

Fig. 15. Electrical resistivities ρ(T)/ρ300K of all alloys in the low-temperature range below 50 K in magnetic fields 0, 3, 6 and 9 T. The arrows in the graphs of the x =
1.0 and 1.5 alloys indicate the temperature of the rather discontinuous change of slope of the total ρ(T) when crossing the transition temperature, where a 
spontaneous-magnetization state in a part of the sample develops. The lower right panel shows the normalized resistivities ρ(T)/ρ300K of all alloys in zero magnetic 
field in the entire investigated temperature range 1.8–300 K.
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4.6. Magnetoresistance

The magnetoresistance [ρ(H) − ρ(0) ]/ρ(0) = Δρ/ρ is another suitable 
physical quantity to characterize the type of the magnetic state. The 
magnetoresistance curves of the CexPrNdSm alloys were measured in the 
temperature range 300–2 K in a magnetic field sweep μ0H = ±9 T. The 
Δρ/ρ curves of all alloys in the entire field sweep are presented in 
Fig. 16, while expanded portions of the curves in the field sweep ±2 T 
are shown in the insets. The Δρ/ρ curves of the three low-Ce content 
alloys are negative at any temperature in the entire field sweep. The two 
Ce-concentrated alloys behave differently. While their Δρ/ρ curves at 
temperatures between RT and about 10 K are negative in the entire field 
sweep, this behavior changes in the low-temperature limit T < 10 K, 
where upon applying the field, the magnetoresistance in the low-field 
regime from zero up to about 0.5 T (depending on temperature) is 
positive and increases with the field, passes through a maximum and 
then turns into a negative magnetoresistance at higher fields.

Theoretical mean-field considerations predict that the magnetore
sistance of paramagnetic and FM states is negative, going quadratically 
with the field for a paramagnet, Δρ/ρ∝ − H2, while for the FM state 
Δρ/ρ∝ − H2/3 at temperatures close to the FM transition (T ≈ TC) that 
gradually evolves into a linear dependence Δρ/ρ∝ − H below TC [30]. As 
already discussed, the negative sign of the magnetoresistance is a 
consequence of the suppression of the moments’ thermal fluctuations by 
the external magnetic field. The situation is different for the AFM and 
FiM structures [31]. Considering a simple Néel-type antiferromagnet 
with two equal, but oppositely polarized spin sublattices, and assuming 
that the magnetic field is applied along one of the sublattice polariza
tions, the magnetic field impedes thermal fluctuations of spins on the 
sublattice polarized along the field, while the spin fluctuations of the 
oppositely polarized sublattice are increased, because the external field 
tries to flip those spins into the field direction to minimize their Zeeman 
energy. Accordingly, the magnetoresistance is positive and increases 
with the field. At the spin-flop field Hsf , the oppositely polarized sub
lattice rotates into the field direction, and further increase of the field 
then impedes thermal fluctuations of both sublattices, resulting in a 
negative magnetoresistance like for the ferromagnet and paramagnet. 
The magnetoresistance consequently shows a maximum at Hsf . The 

situation for a ferrimagnet is analogous, because a Néel-type FiM 
structure can be visualized in the same way as the Néel-type AFM, with 
the difference that the two sublattice magnetizations are unequal, 
leading to a nonzero spontaneous magnetization of the ordered state. 
Since only the two Ce-concentrated alloys x = 1.0 and 1.5 show the 
“anomalous” magnetoresistance, and the M(H) analysis reveals that 
these two alloys contain spin clusters with giant local magnetic mo
ments, we infer that these clusters must be FiM-ordered. The maxima in 
the magnetoresistance can then be associated with the 
temperature-dependent spin-flop field (amounting at T = 2 K to μ0Hsf =

0.65 T for the x = 1.5 alloy and μ0Hsf ≈ 0.4 T for x = 1.0). The 
temperature-dependent spin-flop field Hsf (T) of these two alloys is 
shown in the lower right panel of Fig. 16.

5. Discussion

In discussing the type of magnetic state and its evolution with the 
cerium content x in the CexPrNdSm MEAs, we first review the magnetic 
structures of pure metals of the constituent elements. The magnetism of 
the Ce, Pr, Nd and Sm metals is highly complex, emphasizing the 
important role of the CF interaction [15]. The CF energy-level scheme of 
the triply ionized RE ions follows the Kramers’ theorem, which states 
that the energy levels of ions with an odd number of electrons, and 
therefore half-integral quantum numbers, are always at least two-fold 
degenerate in the absence of a magnetic field. When J is half-integral, 
the quadrupole part of the CF interaction produces a series of Kram
ers’ doublets | ± MJ〉, but when J is integral, there is a singlet |0〉 and a 
series of doublets. The doublets carry magnetic moments, while the 
singlet state, in common with all singlet states, carries no moment. When 
the MJ = 0 singlet is the ground state, the crystal fields have destroyed 
the moment and there is no magnetism in the low-temperature limit. If, 
however, the ground state is | ± J〉, the crystal fields cannot suppress 
magnetic ordering but they reduce the ordered moment and contribute 
to the complexity of the magnetic structures. External magnetic field 
changes the energy levels and a new set of single-ion levels is obtained 
by diagonalizing the sum of the CF and Zeeman Hamiltonians, H CF +

H Z, which are then used to evaluate the thermodynamic average 
magnetic moment of the ion. Bulk magnetic structures of the light-RE 

Fig. 16. Magnetoresistance curves of the CexPrNdSm alloys at different temperatures in a magnetic field sweep μ0H = ±9 T. The insets show expanded portions of 
the curves in the field sweep ±2 T. The arrow at the maximum of the 2 K Δρ/ρ curve in the inset of the x = 1.5 alloy panel marks the spin-flop field. The lower right 
panel shows the temperature-dependent spin-flop field Hsf (T) of the x = 1.0 and 1.5 alloys.
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metals are further aggravated by the two different site symmetries 
(hexagonal and cubic) in the dhcp lattice.

The triply ionized Ce, Pr, Nd and Sm ions are distinguished by their 
total angular momentum quantum number, which is integral for Pr (J =
4), but half-integral for Ce, Nd and Sm (J = 5/2 for Ce and Sm and J = 9/ 
2 for Nd). Having integral J, Pr is the most remarkable example of the 
influence of CFs on the magnetism of the metallic state [32,33], because 
CFs are able to frustrate the efforts of the exchange to produce a 
magnetically ordered state. Due to the negative sign of the electric field 
gradient, the ground state on the hexagonal sites in Pr is the |0〉 singlet, 
which carries no moment. In a magnetic field, higher-energy doublet 
states are mixed into the ground state, creating a magnetic moment. If 
the exchange would be strong enough, magnetic ordering would result; 
otherwise paramagnetism persists down to absolute zero. In Pr, the CF 
splitting is strong enough to preclude magnetic ordering, but the ex
change is over 90 % of that required for antiferromagnetism. Experi
mentally, it was reported that the moments at the hexagonal sites of Pr 
still order AFM at a very low temperature TN = 0.05 K, while no 
ordering was reported for the cubic sites.

The Ce, Nd and Sm ions have an odd number of 4 f electrons, and 
according to the Kramers’ theorem, the CF levels are doublets that carry 
a magnetic moment. The CFs cannot suppress magnetic ordering, but 
they reduce the saturation moment below the theoretical gJμB value 
[34]. The magnetic structure of β-Ce metal (dhcp) has been described by 
commensurate transverse waves that are formed on both hexagonal and 
cubic sites, with the wave vector q⇀ in the b-direction of the dhcp 
structure and the moments pointing along the a-axis in the plane [35]. 
The magnetic periodicity is double that of the lattice. The AFM Néel 
temperature of the hexagonal sites is 13.7 K, while the moments at the 
cubic sites order AFM at 12.5 K. The CFs drastically reduce the satura
tion moment of Ce from the theoretical value 2.14μB to the experimental 
value 0.6μB. The Nd metal, on the other hand, displays an extraordi
narily complex magnetic structure [36,37]. An incommensurate longi
tudinal wave in a b-direction is formed on the hexagonal sites through a 
first-order AFM transition at TN = 19.9 K, with a simple AFM arrange
ment of successive hexagonal layers. Upon lowering the temperature, 
another first-order transition takes place within a degree to a double-q⇀ 

structure. At TN = 8.2 K, an incommensurate periodic structure in the 
b-direction is formed also on the cubic sites. At the lowest temperatures, 
the moments arrange in an elaborate quadruple-q⇀ pattern. In Sm, the 
hexagonal sites order AFM at TN = 106 K, with the magnetic structure 
comprising pairs of planes with the moments arranged ferromagneti
cally in the c-direction [38]. Adjacent pairs are coupled AFM and 
separated by the cubic sites. The latter also order AFM at TN = 14.0 K, 
with the moments along the c-axis, but the normal to the FM sheets is 
now in the (b,c) plane.

The experimental results presented in this work reveal that the low- 
temperature magnetic state of the CexPrNdSm MEAs is inhomogeneous, 
appearing as a mixture of paramagnetic spin domains and spin domains 
(clusters) with stronger coupled spins. The coupling is predominantly 
AFM, which is not surprising because the pure metals are all AFM. The 
clusters are magnetically frustrated and show broken-ergodicity phe
nomena, such as the zfc–fc dc susceptibility splitting in low magnetic 
fields and the frequency-dependent peak in the ac susceptibility. This 
indicates that the magnetic ordering within the clusters is of a SG-type 
with predominant AFM coupling [39]. In the three low-Ce content al
loys x = 0.01, 0.1 and 0.2, the SG-type clusters do not show any spon
taneous magnetization, resembling canonical SGs, while in the two 
Ce-concentrated alloys x = 1.0 and 1.5, some FiM-ordered spin clus
ters with nonzero spontaneous magnetization have formed in addition. 
The increased Ce content x in the CexPrNdSm MEA series reduces the 
average exchange coupling, as evidenced from the shift of the spin 
freezing temperature Tf towards lower temperatures and the speed-up of 
the spin dynamics from SG-type into the direction of superparamagnets 
(though the superparamagnetic limit is not reached). These results raise 

the following fundamental questions:

(1) Is the inhomogeneous (mixed) magnetic state in the CexPrNdSm 
MEAs intrinsic to the light-RE spin system when the alloys are in 
the form of an ideal solid solution with random distribution of the 
four RE elements? A related question is whether the magnetic 
frustration and broken ergodicity of the spin clusters are intrinsic 
properties of the CexPrNdSm solid solutions?

(2) Why does the increased Ce content in the CexPrNdSm MEAs result 
in a reduction of the average exchange coupling between the 
magnetic moments?

(3) Why were some FiM-ordered spin clusters detected only in the 
two Ce-concentrated alloys x = 1.0 and 1.5, but not also in the 
low-Ce content alloys?

Discussing the question (1), we first note that the CexPrNdSm MEAs 
are magnetically concentrated alloys with all sites of the dhcp lattice 
populated by magnetic elements. We consider that the alloys are random 
solid solutions, with the four different types of magnetic moments 
distributed statistically over the lattice sites. Randomness introduces 
continuous probability distributions of the RKKY exchange coupling 
constant and the magnetocrystalline anisotropy. Since the RKKY ex
change is long-range, involving many shells of interacting spins, and the 
interaction changes sign between positive and negative with the inter
spin distance r on the scale of nanometers, the resulting spin state is 
magnetically frustrated, with broken ergodicity at low temperatures. 
This consideration insinuates that the entire spin system in the 
CexPrNdSm MEAs should behave at low temperatures spin glass-like and 
would be hence magnetically homogeneous. However, the CF interac
tion that is randomly changing over the lattice sites may either reduce or 
completely destroy some localized ionic magnetic moments at low 
temperatures and preclude the efforts of the exchange to produce 
magnetic ordering. The resulting magnetic state is then inhomogeneous, 
consisting of paramagnetic domains appearing in the crystal regions 
with larger destruction of the moments and SG-type spin domains in the 
regions with less destructed moments. Such mixed state is intrinsic to an 
ideal random solid solution of the light-RE elements and does not 
require any structural disorder or chemical inhomogeneity. It is also 
specific to the light-RE multi-component solid solutions only, because of 
the decisive role of the CF interaction that is able to reduce or completely 
destroy the moments, in addition to establishing their directions in the 
lattice. This is different from the heavy-RE multi-component solid so
lutions, where the CF effects are relatively weaker in comparison to the 
exchange, with their main role being merely to establish favored di
rections for the moments in the crystal. For the heavy-RE HEAs, such 
mixed magnetic state has not been reported in literature, supporting this 
hypothesis.

The question (2) why does the average exchange coupling decrease 
with the increased Ce content can be elucidated by the following con
siderations. In a metallic environment, the localized 4 f RE moments 
interact indirectly via the 5d/6 s conduction electrons and the effective 

coupling between two localized spins S
⇀ 

separated by a distance r is 
J eff ≈ 9πJ

2
sf z2F(ξ)/(64εF) [40]. Here, J sf is the sf exchange integral, z 

is the number of conduction electrons per atom, F(ξ) = (sinξ − ξcosξ)/ξ4 

is the RKKY oscillatory function with ξ = 2kFr (where kF is the Fermi 
wavevector) and εF is the Fermi energy. Among the triply ionized RE 
ions, only gadolinium (Gd) has the spin S as a good quantum number, 
while the others have the total angular momentum J as their quantum 
number. Yet the exchange interaction couples spins, so that one needs to 

project S
⇀ 

onto J
⇀ 

when calculating the exchange coupling between two 

RE ions 1 and 2 from the Hamiltonian H RKKY = − J RKKY J
⇀

1 • J
⇀

2. For 
two like ions (g,J), this introduces the de Gennes factor G into the RKKY 
exchange coupling constant J RKKY = GJ eff with G = (g − 1)2J(J+1), 

while for two unlike ions 
(
gi, Ji

)
and 

(
gj, Jj

)
, the de Gennes factor is 
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modified to Gij =
(
gi − 1

)(
gj − 1

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ji(Ji + 1)Jj
(
Jj + 1

)√

[6,40]. It is 

known that the magnetic ordering temperatures of any series of RE 
metals or compounds with the same electronic band structure and 
similar lattice spacing scale with G (or Gij), originating from the scaling 
of the J RKKY coupling constant. In the CexPrNdSm MEAs, the four kinds 
of RE ions all experience the same band structure and lattice spacing, so 
it is straightforward to assume that the RKKY coupling between any pair 
of ions i and j (i,j = Ce, Pr, Nd, Sm) obeys the relation J ij

RKKY = GijJ eff . 
Using the g and J values from Table 4, we have calculated the Gij factors 
for all like and unlike pairs and the results are presented graphically in 
Fig. 17. The Gij distribution spans from GSmSm (the largest) to GCeCe (the 
weakest, amounting to 4 % of the GSmSm only). The Gij factors of Ce to 
any other ion are among the smallest, explaining why the average RKKY 
coupling strength in the CexPrNdSm MEAs is continuously reduced with 
the increasing Ce content x.

The question (3) why were some FiM-ordered spin clusters detected 
only in the Ce-concentrated alloys, but not also in the low-Ce content 
ones is more subtle and cannot be answered satisfactorily based of the 
presented experimental results. In the CexPrNdSm random solid solu
tions, the four types of RE ions possess different magnetic moments, 
which in addition depend on the type of site (hexagonal or cubic) in the 
dhcp lattice. The FiM state by definition possesses nonzero spontaneous 
magnetization, despite the antiparallel arrangement of the moments. 
This requires that at least two magnetic sublattices can be defined on a 
chemical basis, where the two sublattice magnetizations are oppositely 
polarized and of different magnitude. In disordered magnetic metallic 
alloys with random distribution of the chemical elements, a FiM-type 
magnetic state is known in the context of amorphous magnets, where 
it is termed the sperimagnetic state [40]. The presence of the FiM spin 
fraction in the two Ce-concentrated CexPrNdSm alloys is clearly man
ifested experimentally by the magnetoresistance that changes sign from 
positive to negative upon increasing the magnetic field. The fact that the 
FiM clusters form only in the Ce-concentrated CexPrNdSm alloys then 
suggests that this may be another effect of cerium, possibly in relation to 
the two types of sites in the dhcp lattice. Further investigations are 
needed to elucidate this open question.

6. Conclusions

While the studies of HEAs composed of the RE elements from the 
heavy half of the lanthanide series (from Gd to Lu) are numerous in 
literature, the HEAs and MEAs composed of the light-RE lanthanides 
were not reported in literature as yet, to the best of our knowledge. The 
fundamental difference between the light- and heavy lanthanides orig
inates in the CF interaction, which in the heavy-RE alloys is weak 

enough to act just as a perturbation to the exchange interaction, with its 
main role being to establish favored directions for the moments in the 
crystal. In contrast, in the light-RE alloys, the CF interaction is consid
erably stronger relative to the exchange and is able to reduce or 
completely destroy the magnetic moments at low temperatures, in 
addition to establishing their directions in the crystal. In this paper, we 
have presented a study of the structure, microstructure, nanostructure 
and magnetic state of the light-RE MEA series CexPrNdSm with the 
nominal Ce contents in the range x = 0.01–1.5. All investigated com
positions crystallize in the dhcp structure in the form of a single-phase 
random solid solution. The low-temperature magnetic state is inhomo
geneous, being a mixture of paramagnetic domains appearing in the 
crystal regions with larger destruction of the moments and SG-type spin 
domains in the regions with less destructed moments. Such mixed state 
is intrinsic to an ideal random solid solution of the light-RE elements and 
also specific to the light-RE multi-component solid solutions only, 
because of the decisive role of the CF interaction. The SG-type domains 
are magnetically frustrated spin entities with broken ergodicity on the 
experimental time scale below the spin freezing temperature Tf . In the 
three low-Ce content alloys x = 0.01, 0.1 and 0.2, the SG-type domains 
resemble canonical SGs with zero spontaneous magnetization, while in 
the two Ce-concentrated alloys x = 1.0 and 1.5, some FiM-ordered spin 
clusters with nonzero spontaneous magnetization have formed addi
tionally. The increased Ce content x in the CexPrNdSm MEA series 
continuously reduces the average exchange coupling, as evidenced from 
the shift of the spin freezing temperature Tf towards lower temperatures 
and the speed-up of the spin dynamics from SG-type into the direction of 
superparamagnets.

The presented magnetic study of the CexPrNdSm MEAs is experi
mental, based on the measurements of the dc and ac magnetic suscep
tibility, M(H) magnetization curves and magnetoresistance. The results 
are discussed at a qualitative level, while a quantitative theoretical 
analysis of the magnetic state is still lacking. This is not surprising, as 
even the magnetic structures of the light-RE pure metals are currently 
reasonably well described only phenomenologically, while their theo
retical explanations are still at a rudimentary stage [15]. The main dif
ficulties encountered in a quantitative theoretical treatment are (1) two 
types of crystallographic sites (hexagonal and cubic) in the dhcp lattice 
that result in two kinds of CF interactions, (2) comparable magnitudes of 
the exchange, CF and Zeeman interactions, where the full Hamiltonian 
including all three terms needs to be diagonalized to obtain spin energy 
levels and (3) the immense random chemical disorder in the 
multi-component solid solution.

7. Experimental section

XRD diffraction patterns were collected in reflection mode using 
PANalytical X′Pert PRO MPD X-ray powder diffractometer equipped 
with a primary Ge monochromator, delivering pure Cu Kα1 radiation 
(λ = 1.54056 Å), and X’Celerator position-sensitive detector.

SEM BSE imaging and EDS chemical composition determination and 
elemental mapping were performed by the scanning electron micro
scope ThermoFisher Quanta 650 ESEM equipped with EDS Oxford In
struments AZtec Live, Ultim Max SDD 40 mm2. The surfaces were 
prepared by the FEI FIB Helios NanoLab 650 dual-beam system using 
gallium ions.

HAADF and BF STEM imaging and EDS analysis, as well as SAED 
study were performed by a Cs-corrected Jeol ARM 200 CF STEM mi
croscope equipped with an SDD Jeol Centurio energy-dispersive X-ray 
spectrometer. The operating voltage was set to 200 kV. The lamellae 
were prepared by the FIB Helios NanoLab 650 FEI dual-beam system 
using gallium ions via the following protocol. The sample and the FIB 
lift-out grid were mounted into a CleanConnect capsule inside an Ar- 
filled glovebox and transferred in Ar 5.0 overpressure (200 mbar) 
directly to the FIB instrument. The sample surface was initially protected Fig. 17. The de Gennes factor Gij normalized to GSmSm for all ten atomic pairs 

(like and unlike) of the elements Ce, Pr, Nd and Sm.
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by a 500 nm Pt layer using electron beam induced deposition (EBID, 
2 kV at 0.4 nA). Subsequently, an additional Pt layer was deposited 
using Ga+ ion beam induced deposition (IBID, 30 kV at 0.23 nA) to 
achieve a protective layer with a final thickness of 1.8 µm. A lamella 
chunk with dimensions of 12 × 6 µm2 was thinned to 2 µm and trans
ferred to the FIB grid using a micromanipulator. Due to the sample’s 
sensitivity, the lamella was first thinned to 250 nm thickness using FIB 
at 30 kV by sequentially reducing ion beam currents from 780 pA to 80 
pA. Subsequently, the lamella was carefully thinned to 100 nm using FIB 
at 16 kV with a 24 pA beam current. Afterwards, the lamella was 
sequentially polished on both sides using FIB at 5 kV@44 pA, 2 kV@25 
pA, and 1 kV@20 pA until electron transparency (~100 nm) was ach
ieved. The prepared lamella was transferred with the CleanConnect 
capsule back to the glovebox, where it was mounted to the TEM vacuum 
transfer holder.

Magnetic measurements were conducted on a Quantum Design 
MPMS3 SQUID magnetometer equipped with a 7 T magnet, operating at 
temperatures between 1.8 and 400 K. The samples for measurements 
were needle-shaped, with the long dimension of 4 mm and the 
perpendicular dimension of 0.5 mm. The long dimension was set into 
the direction of the external magnetic field. The demagnetization effect 
was estimated by approximating the samples’ shape with a rotational 
ellipsoid, having the aspect ratio of the major axes α = 8. Using Eq. 
(2.36a) of ref. [40], the demagnetizing factor was calculated as N ≈

0.03, which is close enough to zero that the demagnetization correction 
is unimportant and was not applied to the measurements.

Electrical resistivity and magnetoresistance measurements were 
performed on a Quantum Design Physical Property Measurement Sys
tem PPMS 9 T. For the resistivity measurements, rectangular bar-shaped 
samples of dimensions 1× 1× 8 mm3 were used, with the long 
dimension oriented along the magnetic field direction to minimize the 
demagnetization effects.
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J. Dolinšek, Speromagnetism and asperomagnetism as the ground states of the Tb- 
Dy-Ho-Er-Tm “ideal” high-entropy alloy, Intermetallics 117 (2020) 106680.

[7] A. Jelen, J.H. Jang, J. Oh, H.J. Kim, A. Meden, S. Vrtnik, M. Feuerbacher, 
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