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Single crystals of EuPdsSiz were grown using a high-temperature EuPd-flux methodt, The mate-
rial was structurally and chemically characterized by single-crystal x-ray diffraction, powder x-ray
diffraction, Laue method and energy-dispersive x-ray spectroscopy. The structural{analysis con-
firmed the orthorhombic crystal structure (space group I'mma) but révealed differcnces in the lat-
tice parameters and bond distances. The composition is close to the ideal 1:3:2 stoichiometry with
an occupation of 7 % of the Si sites by Pd. The heat capacity, eléctrical resistivity, and magnetic
susceptibility show two magnetic transitions indicating magnetic ordering below Tny: = 61K and
a spin reorientation at Tn2 = 40 K. The orthorhombic material shows magnetic anisotropy, with
anisotropy constants K; = 7.1 x 10° J/m3 and Ky = 4.2 x 10° J/m3, for field applied along the
three main symmetry axes, which is summarized in the temperature-field phase diagrams. The
susceptibility data hint to an alignment of the magnetic moments- along [100] between Tx1 and Tna.
Below Tn2 the magnetic structure changes to an arrangement with moments canted away from [100].
The single crystals investigated in this study are suggested torshow antiferromagnetic (AFM) order
below T instead of ferromagnetism that sets in at higher T¢1 =,78 K which might originate from

certain differences in the structure, composition or defécts that have an impact on the dominant

coupling constants of the RKKY interaction.

I. INTRODUCTION

During the past decades, the study of Eu-based eom-
pounds has garnered significant attention due to the in=
triguing magnetic properties imparted bysthe 4f elec-
trons of Eu which are highly localized<and centribute
to a rich variety of magnetic phenomena, including va-
lence transitions [1-4], colossal magnetoresistance [5, 6],
quantum criticality [7], complex forms maghetic or-
der [8, 9], and even skyrmion lattices{were\found [10].
In most compounds, Eu is in_a Bu?¥ state (4f7 elec-
tronic configuration: S ="7/2, L = 0pd = 7/2) that
orders magnetically [2], while there are a few compounds
where Eu is in the Eu®t staten(4f08 =L =3, J = 0)
which are non-magnetic [11] and seme that are interme-
diate valent [1, 12]. EuPdsSiy crystallizes in a (pseudo
hexagonal) orthorhembic ErRhgSis structure type [13]
with the space group Imma.  This structure deviates
from the higher symmetric hexagonal CaCus structure
type (space group P6/mmim) by a small distortion in
the CaCus a — b plane and a doubling of the ¢ lattice
parameter. In, EuPd;Sis, Eu is divalent with J=S=7/2
and the magnetism isgoverned by the Ruderman-Kittel-
KasuyasYosida (RKKY) interaction [14]. According to
previous neutron diffraction studies, the material exhibits
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ferromagnetic (FM) order of the Eu?* moments below
Tcr = T8K. At Too = 5K, a spin reorientation occurs,
leading to a low-temperature phase in which the mag-
netic moments are aligned along the [100] direction at
1.6 K [14]. Deviations from highly symmetrical arrange-
ments, such as distortions or non-centrosymmetrical en-
vironments, can lead to magnetic anisotropies that be-
come visible when external magnetic fields are applied.
In the case of EuPd3Siy the occurrence of different mag-
netic phases could be caused by anisotropic magnetic ex-
change interactions given by the orthorhombic crystal
structure with the four different distances between Eu
ions as illustrated in Fig. 1. The oscillatory character of
the RKKY interaction depends on interatomic distances,
e.g. the distance between neighboring magnetic ions can
influence both the type of magnetic order (e.g. FM or
AFM) and the magnitude of the magnetic interactions
[9, 15, 16].

In Ref. [14], the magnetic structure of EuPd3Siz was
studied by neutron powder diffraction, which revealed
FM order with moments aligned along [100] at 1.6K.
However, magnetization data suggests weak AFM cor-
relations and a possible canting above T¢y. Due to the
high neutron absorption by Eu, the quality of the neu-
tron powder diffraction data was limited, and the au-
thors mention that no differences in the magnetic struc-
ture were found below and above Tcs. This motivated
the present work where a detailed study of the mag-
netic properties of EuPd3Sis via magnetization measure-
ments along the different crystallographic directions is
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presented. Our data indicate that even subtle variations
in the lattice parameters can significantly affect the mag-
netic structure of this material. Based on the magnetiza-
tion data, it is suggested that the samples grown in this
study exhibit an AFM order below Ty; = 61 K with the
moments aligned along the Eu chains running parallel to
the [100] direction. Upon further cooling, a magnetic re-
orientation occurs below Tno = 40 K, where the moments
become slightly canted away from [100], in contrast to the
results reported in Ref. [14].

II. EXPERIMENTAL

Single crystals were grown in a box furnace (Therm Con-
cept) using Pd (99.99%, rod, Heraeus), Si (99.9999%,
pieces, Cerac) and Eu (99.99%, chunks, EvoChem). The
crystal structure is probed by both single-crystal and
powder x-ray diffraction (XRD) methods. Single-crystal
XRD measurements were performed on a high-flux, high-
resolution, rotating anode Rigaku Synergy-DW (Mo/Ag)
diffractometer using Mo K, radiation (A = 0.7107 A).
The system is equipped with pairs of precisely manufac-
tured Montel mirror optics, a motorized divergence slit
which was set to 5 mrad for these measurements, and a
background-less Hypix-Arc150° detector which guaran-
tees the lowest reflection profile distortion and ensures
that all reflections are detected under equivalent condi-
tions. The specimens had a size of =~ 30 x 30 x 20
pm?® and were measured to a resolution better tham:0.5
A and exhibited no mosaic spread and no additional re-
flections from secondary phases, highlighting their high
quality and allowing for excellent evaluation using the
latest version of the CrysAlisPro software package [17].
The crystal structure of the compound was refined us-
ing JANA2006 [18], including all averaged symmetry-
independent reflections (I > 2 o). JUnitscell and space
group were determined, atoms were localized within the
unit cell using random phases andthe structure was com-
pleted and solved using differeiice Fourier analysis. The
structural refinements converged well, exhibiting excel-
lent reliability factors (see-Tables SL and SII in the sup-
plemental material [19] for residuals wR2, Ry, and good-
ness of fit, GOF, values). Further structural analysis was
performed on powdered single crystals by powder x-ray
diffraction (PXRD) using a Bruker D8 diffractometer in
Bragg-Brentano geometry with Cu, Ko radiation (A =
1.5406 A). Energy-dispersive x-ray spectroscopy (EDX)
was used to investigate the chemical composition of the
crystals. The orientation of the samples was determined
using a Laue device with white x-rays from a tungsten
anode. An preparation of physical measurements along
the main symmetry directions, the samples were oriented
and cut to produce planes perpendicular to the crystal-
lographic direetions [100], [010], and [001]. Heat capac-
itypmagnetic susceptibility, and resistivity measurements
were performed using the commercial measurement op-
tions of a Quantum Design Physical Property Measure-

2

ment System (PPMS). For magnetic measurements, the
sample was cooled in zero magnetic field, followed by
the application of the magnetic field at low. tempera-
ture. Measurements were then carried’ out upon warming
(ZFC) and subsequent cooling (FC).

IIT. RESULTS

A. [Crystal growth

Single crystals fof EuPd3Si; were obtained during
attempts to growsthe related compound FEuPdsSis,
from EuPd-flux with andinitial melt stoichiometry of
FEu:Pd:Si=1.45:2.5":1.5. Previously, a Pd-Si prere-
action was helpful in\reducing the high melting points of
Pd and.Si [20].xTherefore, Pd and Si were prereacted in
an argon arc furnace to form the binary compound PdSi
(Thp= 900°C) and placed in an inner graphite crucible
togetherswith Eu. Ta or Al,O3 were not used as crucible
materials, because both materials have been shown to be
attacked by the melt [20], leading to a potential unin-
tended doping of the crystals. As depicted in Fig. 1(a),
the graphite crucible was first enclosed in a sealed nio-
bium crucible under an argon atmosphere. To prevent
oxidation of niobium, it was sealed in a quartz ampoule.
The ampoule was placed in a box furnace and heated fast
with a rate of 100 °C/h to 800 °C, as Eu is still in the solid
state below this temperature. Subsequently, the temper-
ature was gradually increased, with a rate of 50°C/h, to
1230 °C to avoid rapid evaporation of Eu, and the mate-
rials were homogenized for 2 hours at this temperature.
The ampoule was then slowly cooled with a rate of 2°C/h
to 1000 °C and fast cooled to room temperature. After
the growth experiments, the graphite crucible was not
attacked by the melt. A typical example of an extracted
crystal is shown in Fig. 1(b).

The crystal growth of the compound EuPdsSis as a by-
product during the growth of the compound EuPd;Sis in
a Bridgman setup was previously reported in Ref. [14].
There, the authors describe that Eu, Pd, Si were pre-
reacted in a 1:2:2 ratio in an arc furnace and heated to
Tmax = 1350 °C in a tantalum tube in the Bridgman
furnace. In addition to the two resulting compounds
EuPdsSis and EuPd3Sis, the compound TaSi, and other
phases formed [14].

B. Structural and chemical analysis

Single-crystal x-ray diffraction (SC-XRD) measurements
at room temperature (RT) were refined in two candi-
date space groups (SGs): centrosymmetric Imma, as
suggested in Ref. [14], and its non-centrosymmetric sub-
group I'mm2. Refinement results are summarized in Tab.
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FIG. 1. (a) Schematic drawing of the set up consisting of a graphite crucible with the<€lements in a sealed niobium cru-

cible, that was welded under vacuum in a quartz ampoule.

(b) A sample cut along’ the main symmetry directions with

the corresponding Laue image. (c) Unit cell of EuPdsSio with Pd excess. The distance between the Eu-atoms along the a
axis is d; = 3.6258(1) A. (d) Unit cell projected onto the b — ¢ plane. The distancesybetween the six surrounding Eu-atoms
do = 5.7393(5) A, d3 = 6.0062(3) A, and dy = 5.5800(3) A are depicted.

ST and SIT in the supplemental material [19]. Both mod-
els yield very similar structures and almost identical bond
lengths, despite Imm?2 involves splitting of certain atomic
sites into additional Wyckoff positions. Displacement pa-
rameters were refined anisotropically, with equivalent val-
ues Ugq shown in Tab. SI and SII in the supplemetal
material [19]. Statistical errors are derived from the re-
finements. Convergence was very good for both SGs,
with excellent reliability factors (wRg, Ry, and GOF). N
indications of twinning originating from a hexagomal-to-
orthorhombic phase transition at higher temperatures—
manifested by a threefold reflection splitting expected for
such a transition in the precession images of the recip-
rocal lattice reconstructed from the collected SC-XRD
data—were observed.

Imma and I'mm?2 provide absolutely comparable agree-
ment factors, however, Imma requires fewer positional
and displacement parameters for/ describing the struc-
ture. Importantly, reducing the symmetry to Imm2
removes inversion symmetry, Mecessitating twinning to
recover it, thereby producing two merohedral inversion
twins. Therefore, the Flaek parameter f was intro-
duced to determine the absolute cenfiguration of the non-
centrosymmetric modely refining the relative fractions of
the two inversion twins. For I'mm?2, f refines to ~ 50
%, consistent with/perfeet twinning or retention of cen-
trosymmetry. The Imm2 miodel which has a polar axis
along the ¢ directiomvand, in principle, even has the po-
tential for pyroelectricityoffers no structural advantage,
increases the number of refined parameters, and does not
lead to improved agreement factors.

By taking all of the above mentioned factors into ac-
count and in the) absence of independent evidence for
acentricity, the higher symmetry I'mma is convention-
ally preferredi”Consistent with the structure published
itmRef. [14], the subsequent discussion will therefore pre-
dominantly focus on the I'mma solution although SG

Imm?2 cannot be completely ruled out. The results from
our‘SC-XRD were used as input for the PXRD data, and
asican beyseen (Fig. S1 in Ref. [19]), the powder data
are fully comgistent with SG I'mma as well. As summa-
rized in Tab. I, our SC-XRD and PXRD lattice param-
eters agree closely with each other but differ noticeably
from those in Ref. [14], with the a lattice parameter be-
ing ~ 0.8 % larger and the b lattice parameter ~ 0.6 %
smaller. These are significant changes, already indica-
tive of structural modifications within the unit cell. It
should be emphasized that the PXRD powder samples
were prepared by grinding large single crystals. Conse-
quently, the PXRD measurements reflect the properties
of a macroscopic sample, in contrast to the microscop-
ically small crystals employed for SC-XRD, which may
not be fully representative of the bulk magnetization and
transport measurements.

Furthermore, the current SC-XRD refinements reveal
that 7 % Pd are substituted on the Si site. Such replace-
ment effects potentially affect the corresponding crystal
fields around the Eu, Si, and Pd atoms. Therefore, with
reference to Fig. 1(c) and (d), especially the Eu—Eu bond
distances are examined in greater detail below, since in
EuPd3Si; the Eu atoms are mainly responsible for the
magnetic properties.

As can be seen from Fig. 1(d), the Eu atoms adopt
a pseudo-hexagonal arrangement, with the distances

[ a[A] [ bA] [ c[A] ] Reference ‘
7.1483(4)|10.0743(4) |5.7506(2)]  SC XRD [14]
7.1314(2) [10.0544(2) |5.7325(9)|  PXRD [14]
7.2003(1)| 10.0370(2) | 5.7393(1) |SC XRD, this work
7.1948(5)10.0319(4) |5.7352(5) | PXRD, this work

TABLE I. Comparison of the lattice parameter a,b and ¢ of
EuPdsSiz obtained through SC-XRD and PXRD and those
reported in Ref. [14].
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dy =5.7393(5) A, d3 = 6.0062(3) A, and dy = 5.5800(3) A
between the Eu atoms within the b—c plane, and per-
pendicular to it the pseudo-hexagonal layers are strongly
connected by the distance d; = 3.6258(1) A along the
a direction (Fig. 1(c)). For completeness, the values in
the case of the non-centrosymmetric SG I'mm2 would be:
dy = 5.7394(5) A, d3 = 6.0064(3) A, dyr = 5.5799(3) A,
and dy = 3.6258(1) A. In principle, the two SGs lead
to identical results. For comparison, the corresponding
values from Ref. [14] are: dy, = 5.7506 A, d3, = 6.0072
A, dy, = 5.6134 A, and d, = 3.5962 A. In other words,
all bond lengths within the b—c plane are slightly shorter
in our current data, while those along the a-direction are
slightly longer. Similar deviations between the current
and the published data are also found for the Si and Pd
coordination shells. These effects can be attributed to
the presence of 7 % Pd on the Si site in the current sam-
ples. As we will see later, it is most probably the changes
in the Eu-Eu distances that can significantly modify the
magnetic behavior of the samples via RKKY interaction.
The chemical analysis using EDX (given with the statis-
tical deviation of several measurements on one sample)
shows that the elements are present in a ratio of Eu:Pd:Si
= (15.7£0.7) : (52.34+0.8) : (32.0£0.3). Adding a system-
atic error of measurement of at least 2 at.%, the compo-
sition is close to the ideal composition of Eu : Pd : Si
= 16.67 : 50 : 33.33. A Pd excess of 7% as detectéd by
SC XRD is only marginally above our resolution limit of
EDX and is hardly detectable. The results of the chem=
ical analysis are therefore consistent with those of the
structural characterization.

C. Heat capacity

g0 | HIloo1 80 ~ i
yt L ] ‘x
,..:,').o" g -
$5°7 %00ees
o~ T"V
~ 60 K Ty, = 61K
N4
o 55 60 65 T ture (K)
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FIG. 2. (a) Heat capacity as function of temperature for
different magnetic fields. (b) The peak at Tni shifts to lower
temperaturesywith higher magnetic fields. (c) Heat capacity
as function of temperature up to 200 K.
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Fig. 2(a) shows the heat capacity as a function of temper-
ature for different magnetic fields applied‘along the [001]
direction. In zero magnetic field, the material,shows two
transitions. A sharp A-type peak at@n; =.61 K'and a
weak kink at Tne = 40 K. As shown in Figy 2(b), the
peak shifts to lower temperatures with increasing mag-
netic field which is consistent with AFMyerder. In addi-
tion, the peak is smeared when applying higher magnetic
fields. Measurements of response to long heat pulses show
that the transition is continuous and not of first order.
The kink at 40K is againybroadened in magnetic field
and is no longer recognizable for pgH = 5T.

The Sommerfeld coefficient was determined from the data
below 10K, as shown in Fig. S2 in Ref. [19], and results
in a value of v = (48 £4&) mJ/molK. A possible origin of
the enhanced ~ isthe'coupling between Eu 4f-derived mo-
ments and thé itinerant Si=Pd valence bands [14], which
can lead to a moderate renormalization of the electronic
density oféstates at the Fermi level and an increased effec-
tive mass.an ™. The data are in contrast to those presented
for the compeund EuPdsSis in Ref. [14], where two A-
type.peaks have been observed at T = 78 K and Ty =
5 K, and.from which it was concluded that a long-range
order of Ewis already observed below T¢i. At 200 K,
the heat calz?acity does not reach the Dulong-Petit limit
of 150 J/(mol K). This may be due to an inaccurate de-
termination of the sample mass, for example caused by a
small mass loss during the measurement. Alternatively,
a reduced value has also been reported in Ref. [14]. It
is entirely possible that the specific bonding characteris-
tics result in phonons being fully excited only at elevated
temperatures.

D. Resistivity

Resistivity as a function of temperature, p(T'), shown
as normalized resistivity p/psoox in Fig. 3(a), was mea-
sured between 300 K and 2 K with current applied along
the [010] (blue) and along the [100] (black) directions.
With decreasing temperature, the resistivity decreases
until a sudden drop appears at Ty; for both current di-
rections. A further kink can be observed for j || [100]
close to Tn2. Such a kink is reproducibly observed only
during the measurement where the current was applied
along the [100] direction. Additional measurements on
different samples are presented in Fig. S3 in the supple-
ment [19]. No anomaly was observed at Tn2 when the
current is applied along [010].

With an applied magnetic field along [100] (Fig. 3(b))
and along [001] (Fig. 3(c)), the transition Ty shifts only
slightly toward lower temperatures, as indicated by the
arrows. For fields of ygH > 1T, the compound enters
a field-polarized (FP) state for H || 100, in which the
spins are predominantly aligned along the external field
direction, which leads to a pronounced broadening of the
transition and causes it to appear at higher temperatures.
For a field applied along [001] T2 becomes too broad to
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FIG. 3. (a) Normalized electrical resistivity as function of
temperature for the current applied along the [100] and [010]
directions. Resistivity measured for different magnetic fields
applied along the [100] direction (b) and along the [001] di-
rection (¢). The measurements performed under applied mag-
netic fields are shown with an offset of +0.01 for clarity.

be reliably detected, while Tn2 is no longer observable at
a field of 0.1 T. The residual resistivity ratio for the mea-
sured samples of RRax = psook/p2x ~ 1.2 (§ || [010]) is
small. A similar characteristic was observed in Ref. [14]
at different temperatures Ty and Toe. The obtained
RRok=1.5 is comparable to the value determined from
the data taken from the samples of this study. "[he un=
usually low residual resistivity ratio may arise from,Pd
atoms occupying Si sites in the samples:

E. Temperature dependence of the susceptibility

Before delving into a detailed discussion of the
anisotropic susceptibility, it is important to emphasize
that long-range ferromagneticforder would typically be
signified by certain key indicators. These would include
a divergence in susceptibilityrat thertransition, the emer-
gence of spontaneous magnetization at low fields, as well
as the presence of remanent magnetization or hystere-
sis in the magnetization M(H) curve. However, in the
current context, all of these phenomena can be clearly
dismissed. Susceptibility was measured as a function of
temperature between'1.8 K /and 150 K and is presented
for a field of goH = 0.01'T aligned along the three main
symmetry directions in Fig. 4. A strong anisotropy is ob-
served for fields,applied along the [100], [010] and [001]
directions, which is'consistent with a magnetocrystalline
anisotropy due t0 the orthorhombic structure of the ma-
terial. The magnetic susceptibility shows a transition
into the magnetically ordered phase at Tx; = 61 K and
a further transition at To = 40 K. This is in contrast to
the results presented in Ref. [14], where a transition at
Tc1/= 78K and a spin reorientation at Tco = 5 K were

AUTHOR SUBMITTED MANUSCRIPT - NJP-119802.R1

reported for the same material (gray symbols in Fig. 4).
The authors of Ref. [14] deduced FM order from neutron
powder diffraction measurements but also mention that
their magnetization data are in accordance with acanted
AFM-type of order.

For the samples studied here, AFM order was derived
from the characteristic susceptibility cuzves [21, 22].
When the magnetic field is applied perpendicular to the
direction of the magnetic moments iman AFM material,
it tends to align the moments more easily. In this config-
uration, the susceptibilityis generally higher because the
external field can effectively couple with the aligned mo-
ments. According to mean field theory, when the external
field is applied perpendicular to the magnetic moments,
the field reduces the enetgy barrier for tilting spins, and
the system can respond more readily, enhancing the sus-
ceptibility often denoted a8 . When the magnetic field
is applied parallel'to,the direction of the magnetic mo-
ments, the interactions between the spins remain more
robust. The antiferromagnetic coupling mechanism tends
to resist the alignment due to the field. In this case, the
susceptibility is usually lower compared to when the field
is perpendicular to the moments. The parallel field does
not effectively couple with the spins due to their pre-
ferred antipﬁrallel arrangement and thus does not lead
to a strong response. The system may still exhibit some
weakiresponse as the spins can slightly cant out of their
equilibrium positions, but it will be significantly less than
the perpendicular case. The mean field theory predicts
that the susceptibility is significantly reduced in the par-
allel alignment due to the stability of the AFM ordering,
and therefore the spins are not easily aligned by the mag-
netic field, leading to lower values of susceptibility often
denoted as x.

Our susceptibility measurements show that between
61 K and 40 K, the susceptibility is constant for H || [010]
and H || [001] (blue and red data in Fig. 4) which is a hall-
mark of collinear antiferromagnetic order within mean-
field theory indicating that the field is aligned perpen-
dicular to the moments in these cases. The susceptibility
can be denoted as x in this T range.

In case of H | [100] (black data in Fig. 4), a x|
behavior was found. However, the susceptibility shows
a non-monotonic temperature dependence between 61 K
and 40 K. Specifically, x(T') first decreases upon cooling
from 61K to 52K, followed by an increase below 52K
down to 40 K. This particular temperature dependence
might be related to the redistribution of different AFM
domains for H || [100] between Ty and Tnz. Upon heat-
ing from 2K to Tno = 40K, a change in x(7') occurs that
is most pronounced for H || [010] while x(7') is high and
almost constant for H || [100]. This behavior below Tno
is assigned to a canting of the magnetic moments in the
material. Below T2 for all applied field directions, a hys-
teresis between ZFC and FC data occurs. This difference
may be indicative of a redistribution of magnetic domains
or of competing FM and AFM interactions, as has been
reported in the literature for similar behavior in related
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systems [23]. Based on the temperature-dependent data,
the following picture emerges: Below Ty1, the moments
might align to a configuration parallel to [100] along the
Eu chains. Between 2K and Ty2, the moments rotate
into a different configuration.

Furthermore, we studied the paramagnetic phase to gain
insight into the dominant magnetic interactions in the
material. The inset in Fig. 4 shows the inverse sus-
ceptibility as a function of temperature for a field of
woH = 1T of a powdered sample. The orange line in-
dicates the Curie-Weiss fit in the temperature range be-
tween 290 K and 150 K. Here, the compound shows an
effective paramagnetic moment of peg = (8.5 +0.4) up
and a Weiss temperature of Oy = (66.2 £ 0.6) K. The ef-
fective moment peg is slightly larger than the calculated
moment of Eu?* (7.94 ug), but both values are in good
agreement with those reported in Ref. [14]. A slightly
enhanced effective magnetic moment can be caused by
additional contributions originating from outer 5d or 6s
Eu electrons [24]. At first glance, a positive Weiss tem-
perature as determined here could suggest dominant fer-
romagnetic interactions, but the Weiss temperature re-
flects the sum of all interactions in a material. The results
of the susceptibility measurements point to an arrange-
ment of the magnetic moments in EuPd3Sis in FM chains
along the [100] direction, which are AFM coupled. Fur-
thermore, T = 61 K of our EuPd3Sis samples is almost
equal in absolute value to ©y,. The observation ofia
FM Weiss temperature very similar in absolute value to
the AFM ordering temperature was made earlier_for in-
stance in case of EuRhySis [2]. Here, it was argued that
this points to a strong coupling within each FM sublat-
tice and a much weaker intersublatticescoupling.

The temperature dependent data recorded in higher
fields, see Fig. S6 in Ref. [19], show that*the transition
at Ty shifts to lower temperatures with an increasing
field applied along the main symmetry directions, which
is consistent with AFM order. In additio}b, the field that
is needed to reach the field-polarized/state\is strongly
anisotropic. While the transition breadens /already at a
low field of ~ 0.3 T, for the field along [100], Fig. S6(a),
it is clearly visible up to a‘“fieldvof 2.5T applied along
[001], Fig. S5(c). The tramsition at Ts is clearly visible
with a field applied along the [010] and [001] directions.
Similar to the transition at 7Tn1, it decreases in tempera-
ture with an increasing field and«s smeared out in a low
field of 0.05T for H || [100] andsa higher field of ~ 1T
for H || [010], [001], respectively.

F. Field dependence of the magnetization

In accordance with the susceptibility data, the magnetic
moment per Eu/as a function of the magnetic field at
2K in Fig.'5 shows a strong anisotropy for fields applied
along,the three main directions with a saturated moment
of M3 =734 ug per Eu which is slightly higher than
the éxpected value for Eu?t of M** = g;J = 7 ug. This
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FIG. 4. Magnetic susceptibility as function of temperature
for different directions of an applied field of 0.01 T. Two tran-
sitions arérebserved.<The data in gray are taken from [14].
The inset shows the temperature dependent inverse suscep-
tibility measured at 1T on a powdered sample. The orange
line indicates a Curie-Weiss fit to the data in the temperature
range 15OK§ T < 290K.

by AM*** ~ 0.3 ug at 2 K enhanced moment is consis-
tent to what was observed in [14] where band structure
caleulations hint to the polarization of the valence band
being responsible for the enhanced value of the saturated
moment. The saturation fields were determined by the
derivative of the magnetization, dM/dH, shown in the
supplemental material [19] in the inset of Fig. S5(c). The
moment saturates in the lowest critical field for H || [100]
of B092K = (.3 T, for H || [010] at BY192X = 1.6 T and
finally for H || [001] at B%°%2X = 2.5 T. For comparison,
the M (H) data taken from [14] are shown in gray in the
main figure, which show good agreement with this study.
There, no direction of the magnetic field was given. How-
ever, from the comparison with our data in Fig. 5, we can
infer that the field was applied along the [100] direction.
At 50K we as well find a reduced M®*" = 5.2up. As
shown by band structure calculations in [14], the polar-
ization of the valence band might cause an additional
contribution to the saturation moment at low tempera-
tures. One can also reasonably expect that, also at high
temperatures, this polarization might influence the satu-
ration value. The reduction in M2 at high temperature
might then occur if the net polarization of the valence
band and that of the localized Eu 4f moments are not
aligned.

In contrast to the data shown in [14], no hysteresis was
observed at low magnetic fields. The magnetic moment
per Eu atom as a function of the magnetic field in the
low-field region is shown in Fig. S4 in the supplemen-
tal material [19]. Neither at 50K nor at 2K a hys-
teresis is detected in M(H). At higher temperatures,
the critical fields shift to lower values. The anisotropy
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constants K; and anisotropy fields H% = 2K;/(uoM;)
of the compound were determined from magnetization
measurements as a function of the applied magnetic field
at 2K using the magnetization area method [25]. For
EuPd3Siy, the resulting magnetocrystalline anisotropy
constants and fields are K, = 7.1 x 10°J/m® (HL =
21 T) and Ky = 4.2 x 10°J/m® (HZ = 1.25 T). The
magnetocrystalline anisotropy constants K; represent a
moderately hard magnetic regime, being about one or-
der of magnitude smaller than those of typical hard fer-
romagnets like Co or NdFeB [26]. Unlike most conven-
tional materials where the second constant is negligible,
the fact that K5 is of the same order of magnitude as
K is consistent with the complex orthorhombic crys-
tal symmetry of EuPdsSis. It was found that such an
unusually high K, value can trigger an “easy-cone” mag-
netic state [27]. Pure spin systems (L = 0) typically
exhibit negligible magnetocrystalline anisotropy due to
their very weak spin-orbit coupling to the crystal lat-
tice. The substantial values of K; and Ks (on the or-
der of 10°J/m®) probably originate from strong itiner-
ant band effects. The observed coupling between the lo-
calized Eu 4f moments and the itinerant Si—-Pd bands
[14] may transfer the lattice-anisotropy of the electronic
structure to the Eu spins, resulting in a sizeable magne-
tocrystalline anisotropy.

For instance the work by Schuck et al. [28] confirms
that substrate-induced lattice distortion (strain) leads to
strong magnetic anisotropy in epitaxial EuPds thin films.
The microscopic origin lies in the hybridizationref.elec-
tron bands, where spin-orbit coupling is crucial despite
the pure spin magnetism (L = 0) of Eu?". These results
highlight the necessity of considering ¢ollective band ef=
fects to explain the anisotropy in Eu*t comipounds.
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FIG. 5. Magnetic moment per Eu as function of the mag-
netic_field for field applied along the three main symmetry
directions at:2 K. The data in gray are taken from [14].

AUTHOR SUBMITTED MANUSCRIPT - NJP-119802.R1

7
03 FP *M(H) 8M(T) mR(T) AC(T)
~ [ Peeg . H || 100
o2} :
T L *
Zo01l e PM
AFM2 o ARML
. | . | . | . . ] ! . = ! .
I FP H || 010
15%¢ ¢- SRR I
I_ L
‘I" 1.0 7 ® ‘
[=] N
T 05+ ‘.. PM
I AFM2 AFM1 ®
L | L | \ | .\‘\ | . | . A | .
2560 7 40 8 H || 001
,}:20? ;;;\.‘—\‘
T 15 -
<10 . PM
0.5 FEGPd,Si, AFM2 ‘e AFM1 &
L L \3 ? | L L .hu. L L "‘ L L

0.0 ‘ ‘ ‘
0 10020 30 40 50 60 70

Temperature (K)

FIG. 6. Field-temperature phase diagram for the
three/ main, symmetry directions. The data were extracted
from temperature-dependent susceptibility (circles), resistiv-
ity (squares), heat capacity (triangles) and field-dependent
magnetic moment (diamonds). The dashed lines are guides
to the eyes.

G. Phase diagram

From temperature-dependent susceptibility (circles), re-
sistivity (squares), heat capacity (triangles) and field-
dependent magnetic moment (diamonds) phase diagrams
as shown in Fig. 6 were constructed.

With decreasing temperature, the compound undergoes
a transition from the paramagnetic state to the mag-
netic order (AFM1) at Tx1 in which the moments might
be mainly aligned along the [100]. A further transition
which is assigned to a spin reorientation (AFM2 phase)
appears at Tno. Different field strengths are required
along the three main directions to achieve the FP state.
While the smallest fields are needed along the [100] di-
rection to align the magnetic moments in the field, much
larger fields are required along the [001] direction.

IV. DISCUSSION

In this study, EuPdsSis single crystals were inves-
tigated and their properties were compared to those
recently reported for crystals of the same material in
Ref. [14]. A difference between the two studies lies in
the crystal growth procedure, which differs slightly with
respect to initial melt stoichiometry, crucible setup and
maximum temperature. While in [14] EuPd;Si; was
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grown as a side phase from the initial melt stoichiom-
etry of Eu:Pd:Si=1:2:2, an optimized stoichiometry of
Eu:Pd:Si=1.45:2.5:1.5 was used in the present study,
from which phase pure EuPdsSiy as the main phase was
obtained. The decisive difference in the construction
of the crucible setup was the use of a graphite inner
crucible instead of the tantalum crucible used in [14]. To
minimize the contamination of the melt by the crucible
material, a lower maximum temperature was chosen
than that reported in [14]. As described in Ref [14], the
Ta crucible was partially dissolved by the melt, resulting
in the formation of TaSiy as a side phase. This loss of Si
affected not only the initial melt stoichiometry but also
the use of Ta could have led to unintended substitution
of the crystals used there. This possible substitution can
affect the nature of the magnetic transition.

In addition, SC-XRD shows a ~ 7 % excess of Pd
substitution on the Si site. A change in the Pd-Si ratio
can slightly modify the local environment and the crystal
field of the Eu atoms, thereby influencing the material’s
physical properties, as observed in EuPdsSia [20]. A
similar case of growth condition-dependent physical
properties was observed for the compound EuCdsAs,,
in which an antiferromagnetic (crystal growth from Sn
flux in Al;O3 crucibles [29]) or ferromagnetic ground
state (crystal growth from salt flux in SiO ampoules
[29]) was observed. A possible explanation for the
different magnetic orders can be attributed to variations
in interatomic distances. The Eu-Eu distance along the
chains, determined from SC-XRD d;=3.6258(1) A, is
larger than the distance dl*:3.5962A extracted from
the data reported in Ref. [14]. The Eu bond lengths
within the b-c plane, dy = 5.7393(5) A, d3 = 6.0062(3) As
and dy = 5.5800(3) A, also differ from those reported
in Ref. [14], where the corresponding«values, are da.
= 5.7506 A, d3, = 6.0072 A, dy, =(5.6134 A These
differences, likely induced by some form of substitution,
can alter interactions between Eu atonh'7 asyhas been
observed in other compounds [15/16].

The magnetic anisotropy observed in/ compounds
containing rare-earth ions" mainly ‘results from spin-
orbit coupling and crystal “fieldseffects. In the case
of EuPd3Sis, the spin-orbit coupling has little impact
on the 4f shell of Eu®" due to L = 0. The low
anisotropy seen in the exchange, attributed to the
difference Of, — Ofp '~ 4 Kyisdikely due to spin-orbit
coupling influencing the/Pd states near the Fermi level.
This interaction |promotes, spin polarization among
the neighboringrEu mements via the RKKY exchange
mechanism. In solid-state systems, the symmetry of the
lattice around, the rare-earth ion can result in different
energy levels for,various spin orientations. Despite L
= 0, the arrangement of adjacent atoms (for instance,
Pd) generates a crystal field that can affect the energy
levels of 'spin states. Therefore, the easy axis may differ
based on the local environment and symmetry, leading
to a preferred alignment of spins in specific directions,
thus producing magnetic anisotropy. The signatures of
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putative antiferromagnetic order observed in the present
study below the transition temperatures Tn;=40K
and Tnxo=61K clearly differ from the"ferromagnetism
reported in [14], which occurs at theftransition temper-
atures Tc1=78 K and Tco=5K. In_the present case, the
RKKY interaction Jrxky o cos(2kpR)/R? determines
the magnetic properties. Due to the change.of the lattice
parameters and bond distances eempared to Ref. [14],
it can be assumed that in the present.case the coupling
constant Jrxky is close tora. zero point of the cosine,
where the type of magnetic order can already vary
due to such changes. /Alternatively; another scenario is
possible, when assuming that there are several Jrkky,
which is rather likely in this crystal structure. Then,
the different ground states would result from competing
FM and AFM interactions: In the present study, JRgy
is found to bé deminantwhereas in Ref. [14] the pre-
vailing Jrxky might, favor FM alignment. This would
also explain, the different ordering temperatures. A
comparative investigation of both samples could provide
valuable information on these differences.

V. SUMMARY

Single crystals of the compound EuPdsSis were grown
from a Pd-rich melt. The EDX analysis shows that the
stoichiometry of the crystals matches that of the ideal
1:3:2 composition within the expected systematic and
statistical errors of the method.

The result of the structural characterization showed that
the EuPd3Sis phase with significantly different lattice pa-
rameters compared to those reported in Ref. [14] was
obtained. In particular, the a lattice parameter of the
crystals is &~ 0.8% larger and the b lattice parameter ~
0.6 % smaller than that reported in [14] but the par-
ticular reason for this difference is unclear. It could be
caused by a difference in the Pd-Si ratio (different site
occupancy deviations) in both types of samples or by a
possible unintended doping with Ta in the samples inves-
tigated in [14]. The larger (smaller) lattice parameter a
(¢) results in increased (reduced) Eu-Eu distances along
(perpendicular to) the Eu chains, which may influence
the RKKY interaction(s) between the ions.

Although we did not perform an explicit determination
of the magnetic structure using neutron diffraction, we
found key indications for AFM order in EuPd3Sis. The
heat capacity and the resistivity show a slight shift of
the magnetic transition to lower temperatures with in-
creasing field. The strongest arguments for antiferromag-
netism in this material is provided by the anisotropic sus-
ceptibility as the temperature-independent x; below T
is a hallmark of collinear antiferromagnetic order within
mean-field theory. Such a behaviour would not be ob-
served in case of FM order. The temperature-dependent
susceptibility gives evidence that antiferromagnetic or-
dering occurs at Tn1=61K, followed by a spin reorien-
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tation transition at Tn2=40 K. These results differ from
previously published ferromagnetic ordering in EuPd3Sis
at a higher temperature [14].

Further evidence for an absence of FM order comes from
the detailed study of the field dependence of the mag-
netization where no indications for a hysteresis were ob-
served. Furthermore, the anisotropy constants were cal-
culated to be K; = 7.1 x 10° J/m3 and Ko = 4.2 x

10°J /mg. This anisotropy may originate from the cou-
pling between the localized Eu 4f states and the itiner-
ant Si—-Pd bands, which transfers the lattice anisotropy
of the electronic structure to the Eu spins [14]. With the
field applied, the compound EuPd3Sis shows anisotropy
along the three main symmetry directions, which is sum-
marized in phase diagrams in Fig. 6.

Besides EuPdsSis [20] and EuCdaAss, [29], EuPdsSis rep-
resents another Eu-based material where the properties
of the magnetic ground state are sensitively dependent
on the crystal growth conditions. Since the type of mag-
netic order is highly dependent on small changes in the
lattice parameters, the material offers the possibility of
switching the magnetic ground state through application
of strain in future experiments.

AUTHOR SUBMITTED MANUSCRIPT - NJP-119802.R1

DATA AVAILABILITY

The data sets are available through
https://doi.org/10.25716 /gude.0k6ns7hic “inn the open
data repository of the Goethe {University Frankfurt
(GUDe). Structural data are available from the Karl-
sruhe Institute of Technology{repository. KITOpen via
https://doi.org/ [zz].

ACKNOWLEDGMENTS

We are indepted to Siegmar Roth and Andre Beck at
the Institute for Quantum Materials and Technologies,
Karlsruhe'Institute of Technology and to Tim Forster at
the Goethe University for their great technical assistance.
We ac¢knowledge funding by the Deutsche Forschungsge-
meinschaft (DFGy German Research Foundation) via the
TRR 288, (422213477, projects A03 and B03).

&

[1] E. Sampathkumaran, L. Gupta, R. Vijayaraghavan,
K. Gopalakrishnan, R. Pillay, and H. Devare, A new and
unique Eu-based mixed valence system: EuPd2Sis, Jour-
nal of Physics C: Solid State Physics 14, L237 (1981).

[2] S. Seiro and C. Geibel, Complex and strongly anisetropic
magnetism in the pure spin system EuRh2Sis, Journal of
Physics: Condensed Matter 26, 046002,(2013).

[3] F. Honda, K. Okauchi, A. Nakamura, D. Aoki,
H. Akamine, Y. Ashitomi, M. Hedo,/T. Nakama, and
Y. Onuki, Pressure evolution of characteristic electronic
states in EuRh2Si2 and EuNi2Gez, in Journal of Physics:
Conference Series, Vol. 807 (IOP" Publishing;/2017) p.
022004.

[4] Y. Onuki, A. Nakamura, F. Honda, D. Aoki, T. Tekeuchi,
M. Nakashima, Y. Amakéy Ho Harima, K.MMatsubayashi,
Y. Uwatoko, S. Kayama, T. Kagayama, K. Shimizu, S. E.
Muthu, D. Braithwaite,.B. Salece, H. Shiba, T. Yara,
Y. Ashitomi, H. Akamine, K Tomori, M. Hedo, and
T. Nakama, Divalent, trivalent, and heavy fermion states
in Eu compounds, Philosophical Magazine 97, 3399
(2017).

[5] S. Krebber, M. Kopp, G Garg, K. Kummer,
J. Sichelschmidty St Schulz, G. Poelchen, M. Mende,
A. V. Virovets, K. Warawa, M. D. Thomson, A. V.
Tarasov, D. Y. Usachov, D. V. Vyalikh, H. G. Roskos,
J. Miiller, C. Krellner, and K. Kliemt, Colossal magne-
toresistancerin EuZns P2 and its electronic and magnetic
structure, Phys.iRev. B 108, 045116 (2023).

[6] R.S. MannaP. Das, M. de Souza, F. Schnelle, M. Lang,
J. Miiller, S./von Molnar, and Z. Fisk, Lattice Strain
Accompanying the Colossal Magnetoresistance Effect in
EuBg, Phys. Rev. Lett. 113, 067202 (2014).

7' Di Repcek, P. Proschek, M. Savinov, M. Kachlik,
J. Pospisil, J. Drahokoupil, P. Dolezal, J. Prokleska, and

S. Kamba, Multiferroic quantum criticality in a (Eu, Ba,
Sr)TiOs solid solution, Physical Review B 109, 214109
(2024).

[8] Z. Hossain, O. Trovarelli, C. Geibel, and F. Steglich,
Complex magnetic order in EuRhsSiz, Journal of alloys
and compounds 323, 396 (2001).

[9] J. Jiang, A. C. Payne, M. M. Olmstead, H.-o. Lee,
P. Klavins, Z. Fisk, S. M. Kauzlarich, R. P. Hermann,
F. Grandjean, and G. J. Long, Complex magnetic order-
ing in EuzInP3: a new rare earth metal Zintl compound,
Inorganic chemistry 44, 2189 (2005).

[10] K. Kaneko, M. D. Frontzek, M. Matsuda, A. Nakao,
K. Munakata, T. Ohhara, M. Kakihana, Y. Haga,
M. Hedo, T. Nakama, and Y. Onuki, Unique Helical Mag-
netic Order and Field-Induced Phase in Trillium Lattice
Antiferromagnet EuPtSi, Journal of the Physical Society
of Japan 88, 013702 (2019).

[11] S. Seiro, K. Kummer, D. Vyalikh, N. Caroca-Canales,
and C. Geibel, Anomalous susceptibility in single crystals
of EuCosSis with trivalent Eu: Influence of excited J
multiplets, Physica Status Solidi (b) 250, 621 (2013).

[12] S. Seiro and C. Geibel, From stable divalent to valence-
fluctuating behaviour in Eu(Rhi_zIr;)2Si2 single crys-
tals, Journal of Physics: Condensed Matter 23, 375601
(2011).

[13] K. Cenzual, B. Chabot, and E. Parthé, ErRh3Si, and iso-
types with an orthorhombic deformation superstructure
of the CeCosB2 type, Acta Crystallographica Section C
44, 221 (1988).

[14] S. Sharma, M. Mardani, K. Feng, K. Wei, R. Baum-
bach, Q. Zhang, D. J. Singh, and T. Siegrist, Crys-
tal growth and magnetic structure of ternary silicide
EuPd3Siz, Physical Review Materials 7, 023402 (2023).


https://doi.org/10.1088/0022-3719/14/9/006
https://doi.org/10.1088/0022-3719/14/9/006
https://doi.org/10.1088/0953-8984/26/4/046002
https://doi.org/10.1088/0953-8984/26/4/046002
https://doi.org/10.1088/1742-6596/807/2/022004
https://doi.org/10.1088/1742-6596/807/2/022004
https://doi.org/10.1080/14786435.2016.1218081
https://doi.org/10.1080/14786435.2016.1218081
https://doi.org/10.1103/PhysRevB.108.045116
https://doi.org/10.1103/PhysRevLett.113.067202
https://doi.org/https://doi.org/10.1103/PhysRevB.109.214109
https://doi.org/https://doi.org/10.1103/PhysRevB.109.214109
https://doi.org/https://doi.org/10.1016/S0925-8388(01)01095-7
https://doi.org/https://doi.org/10.1016/S0925-8388(01)01095-7
https://doi.org/https://doi.org/10.1021/ic048507o
https://doi.org/10.7566/JPSJ.88.013702
https://doi.org/10.7566/JPSJ.88.013702
https://doi.org/https://doi.org/10.1002/pssb.201200892
https://doi.org/10.1088/0953-8984/23/37/375601
https://doi.org/10.1088/0953-8984/23/37/375601
https://doi.org/10.1107/S0108270187010357
https://doi.org/10.1107/S0108270187010357
https://doi.org/https://doi.org/10.1103/PhysRevMaterials.7.023402

oNOYTULT D WN =

(15]

(16]

20]

21]

(22]

AUTHOR SUBMITTED MANUSCRIPT - NJP-119802.R1 Page 10 of 10

S. Paschen, W. Carrillo-Cabrera, A. Bentien, V. Tran,
M. Baenitz, Y. Grin, and F. Steglich, Structural, trans-
port, magnetic, and thermal properties of EugGai6Geso,
Physical Review B 64, 214404 (2001).

S. Nikitin, T. Ivanova, Y. A. Ovchenkova, M. Maslen-
nikova, G. Burkhanov, and O. Chistyakov, The influence
of interatomic distances on magnetic ordering in RMnSi
compounds (R= La, Y, Sm, and Gd), Physics of the Solid
State 44, 308 (2002).

Rigaku Oxford Diffraction Ltd, CrysAlisPro software sys-
tem, version 1.171.44, Rigaku Corporation, Wroclaw,
Poland, Rigaku Oxford Diffraction, Yarnton, Oxford-
shire, E 2015 CrysAlisPro.

V. Petticek and M. Dusek and L. Palatinus, Crystal-
lographic Computing System JANA2006: General fea-
tures, Zeitschrift fiir Kristallographie - Crystalline Mate-
rials 229, 345 (2014).

M. Ocker, F. Walther, N. Maraytta, M. Le Tacon,
M. Merz, C. Krellner, and K. Kliemt, See supplemental
material at XXXXXXXX for additional PXRD, electri-
cal resistivity, as well as field and temperature dependent
magnetization data., (2026).

K. Kliemt, M. Peters, 1. Reiser, M. Ocker, F. Walther,
D.-M. Tran, E. Cho, M. Merz, A. A. Haghighirad, D. C.
Hezel, F. Ritter, and C. Krellner, Influence of the Pd—Si
ratio on the valence transition in EuPd2Sis single crys-
tals, Crystal Growth & Design 22, 5399 (2022).

J. M. D. Coey, Magnetism and Magnetic Materials (Cam-
bridge University Press, 2010).

D. Johnston, Magnetic susceptibility of collinear “and
noncollinear heisenberg antiferromagnets, Physical Re-
view Letters 109, 077201 (2012).

10

[23] 1. Siouris, R. Kremer, and M. Hoelzel, Antiferromagnetic
order and spin glass behavior in Dys;Culns, Journal of
Magnetism and Magnetic Materials 323,2903 (2011).

[24] U. Kobler and K. J. Fischer, Effective,magnetic mo-
ments of the europium-monochalcogenidesy, Zeitschrift
fiir Physik B Condensed Matter20, 391 (1975).

[25] A. Aubert, K. Skokov, and O. Gutfleisch, Determining
the anisotropy field of permanent magnets: A compari-
son of current methodologies, Journal of Magnetism and
Magnetic Materials 634, 173566 (2025).

[26] B. B. Straumal, A. A. Mazilkin, S. G. Protasova,
G. Schiitz, A. B. Straumal, and:B. Baretzky, Observation
of Pseudopartial Grain Boundary Wetting in the NdFeB-
Based Alloy, Journal of Materials Engineering and Per-
formance 25, 33037(2016).

[27] H. K. Gweon/ H.-J. Park, K.-W. Kim, K.-J. Lee, and
S. H. Lim, Intrinsic origin of interfacial second-order
magnetic ahisotropy in ferromagnet/normal metal het-
erostructures; NPG Asia Materials 12, 23 (2020).

[28] A. G. Schuck, S. Kolsch, A. Valadkhani, I. I. Mazin,
R. Valenti, and /M. Huth, Strain-induced magnetic
anisotropy of multi-domain epitaxial EuPds thin films,
Journal of \Physics: Materials 7, 025008 (2024).

[29] N. H. Jo, B:yKuthanazhi, Y. Wu, E. Timmons, T.-H.
Kim, L. Zhou, L.-L. Wang, B. G. Ueland, A. Palasyuk,
DyH: Ryan, R. J. McQueeney, K. Lee, B. Schrunk, A. A.
Burkov;®R. Prozorov, S. L. Bud’ko, A. Kaminski, and
P. C. Canfield, Manipulating magnetism in the topo-
logical semimetal EuCdsAss, Phys. Rev. B 101, 140402
(2020).


https://doi.org/https://doi.org/10.1103/PhysRevB.64.214404
https://doi.org/https://doi.org/10.1134/1.1451019
https://doi.org/https://doi.org/10.1134/1.1451019
https://doi.org/doi:10.1515/zkri-2014-1737
https://doi.org/doi:10.1515/zkri-2014-1737
https://doi.org/10.1021/acs.cgd.2c00475
https://doi.org/https://doi.org/10.1016/j.jmmm.2011.06.057
https://doi.org/https://doi.org/10.1016/j.jmmm.2011.06.057
https://doi.org/10.1007/BF01313209
https://doi.org/10.1007/BF01313209
https://doi.org/https://doi.org/10.1016/j.jmmm.2025.173566
https://doi.org/https://doi.org/10.1016/j.jmmm.2025.173566
https://doi.org/10.1007/s11665-015-1872-8
https://doi.org/10.1007/s11665-015-1872-8
https://doi.org/10.1038/s41427-020-0205-z
https://doi.org/10.1088/2515-7639/ad2d5e
https://doi.org/10.1103/PhysRevB.101.140402
https://doi.org/10.1103/PhysRevB.101.140402

