
            

ACCEPTED MANUSCRIPT • OPEN ACCESS

Competing magnetic order in EuPd3Si2
To cite this article before publication: Michelle Ocker et al 2026 New J. Phys. in press https://doi.org/10.1088/1367-2630/ae8ffe

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2026 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and
Deutsche Physikalische Gesellschaft.

 

As the Version of Record of this article is going to be / has been published on a gold open access basis under a CC BY 4.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 4.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.org/licences/by/4.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 129.13.194.163 on 05/08/2026 at 06:24

https://doi.org/10.1088/1367-2630/ae8ffe
https://creativecommons.org/licences/by/4.0
https://doi.org/10.1088/1367-2630/ae8ffe


Competing magnetic order in EuPd3Si2

Michelle Ocker,1 Franziska Walther,1 Nour Maraytta,2 Matthieu Le
Tacon,2 Michael Merz,2, 3, ∗ Cornelius Krellner,1 and Kristin Kliemt1, †

1Kristall- und Materiallabor, Physikalisches Institut,
Goethe-Universität Frankfurt, 60438 Frankfurt/M, Germany

2Institute for Quantum Materials and Technologies,
Karlsruhe Institute of Technology, Kaiserstr. 12, 76131 Karlsruhe, Germany

3Karlsruhe Nano Micro Facility (KNMFi), Karlsruhe Institute of Technology, Kaiserstr. 12, 76131 Karlsruhe, Germany
(Dated: July 1, 2026)

Single crystals of EuPd3Si2 were grown using a high-temperature EuPd-flux method. 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 Imma) but revealed differences 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, electrical resistivity, and magnetic
susceptibility show two magnetic transitions indicating magnetic ordering below TN1 = 61K and
a spin reorientation at TN2 = 40K. The orthorhombic material shows magnetic anisotropy, with
anisotropy constants K1 = 7.1 × 105 J/m3 and K2 = 4.2 × 105 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 TN1 and TN2.
Below TN2 the magnetic structure changes to an arrangement with moments canted away from [100].
The single crystals investigated in this study are suggested to show antiferromagnetic (AFM) order
below TN1 instead of ferromagnetism that sets in at higher TC1 = 78K which might originate from
certain differences in the structure, composition or defects that have an impact on the dominant
coupling constants of the RKKY interaction.

I. INTRODUCTION

During the past decades, the study of Eu-based com-
pounds has garnered significant attention due to the in-
triguing magnetic properties imparted by the 4f elec-
trons of Eu which are highly localized and contribute
to a rich variety of magnetic phenomena, including va-
lence transitions [1–4], colossal magnetoresistance [5, 6],
quantum criticality [7], complex forms of magnetic or-
der [8, 9], and even skyrmion lattices were found [10].
In most compounds, Eu is in a Eu2+ state (4f7 elec-
tronic configuration: S = 7/2, L = 0, J = 7/2) that
orders magnetically [2], while there are a few compounds
where Eu is in the Eu3+ state (4f6: S = L = 3, J = 0)
which are non-magnetic [11] and some that are interme-
diate valent [1, 12]. EuPd3Si2 crystallizes in a (pseudo
hexagonal) orthorhombic ErRh3Si2 structure type [13]
with the space group Imma. This structure deviates
from the higher symmetric hexagonal CaCu5 structure
type (space group P6/mmm) by a small distortion in
the CaCu5 a − b plane and a doubling of the c lattice
parameter. In EuPd3Si2, Eu is divalent with J=S=7/2
and the magnetism is governed by the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction [14]. According to
previous neutron diffraction studies, the material exhibits
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ferromagnetic (FM) order of the Eu2+ moments below
TC1 = 78K. At TC2 = 5K, a spin reorientation occurs,
leading to a low-temperature phase in which the mag-
netic moments are aligned along the [100] direction at
1.6K [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 EuPd3Si2 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 EuPd3Si2 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 TC2. 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 TC2. This motivated
the present work where a detailed study of the mag-
netic properties of EuPd3Si2 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 TN1 = 61K with the
moments aligned along the Eu chains running parallel to
the [100] direction. Upon further cooling, a magnetic re-
orientation occurs below TN2 = 40K, 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 Kα radiation (λ = 0.7107 Å).
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 × 30 × 20
µm3 and were measured to a resolution better than 0.5
Å 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 σ). Unit cell and space
group were determined, atoms were localized within the
unit cell using random phases and the structure was com-
pleted and solved using difference Fourier analysis. The
structural refinements converged well, exhibiting excel-
lent reliability factors (see Tables SI and SII in the sup-
plemental material [19] for residuals wR2, R1, 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 Kα radiation (λ =
1.5406 Å). 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. In preparation of physical measurements along
the main symmetry directions, the samples were oriented
and cut to produce planes perpendicular to the crystal-
lographic directions [100], [010], and [001]. Heat capac-
ity, magnetic susceptibility, and resistivity measurements
were performed using the commercial measurement op-
tions of a Quantum Design Physical Property Measure-

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).

III. RESULTS

A. Crystal growth

Single crystals of EuPd3Si2 were obtained during
attempts to grow the related compound EuPd2Si2
from EuPd-flux with an initial melt stoichiometry of
Eu : 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]. Therefore, Pd and Si were prereacted in
an argon arc furnace to form the binary compound PdSi
(TM ≈ 900◦C) and placed in an inner graphite crucible
together with Eu. Ta or Al2O3 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 EuPd3Si2 as a by-
product during the growth of the compound EuPd2Si2 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
EuPd2Si2 and EuPd3Si2, the compound TaSi2 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 Imm2. 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 elements 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 EuPd3Si2 with Pd excess. The distance between the Eu-atoms along the a
axis is d1 = 3.6258(1) Å. (d) Unit cell projected onto the b − c plane. The distances between the six surrounding Eu-atoms
d2 = 5.7393(5) Å, d3 = 6.0062(3) Å, and d4 = 5.5800(3) Å are depicted.

SI and SII in the supplemental material [19]. Both mod-
els yield very similar structures and almost identical bond
lengths, despite Imm2 involves splitting of certain atomic
sites into additional Wyckoff positions. Displacement pa-
rameters were refined anisotropically, with equivalent val-
ues Ueq 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 (wR2, R1, and GOF). No
indications of twinning originating from a hexagonal-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 Imm2 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, necessitating twinning to
recover it, thereby producing two merohedral inversion
twins. Therefore, the Flack parameter f was intro-
duced to determine the absolute configuration of the non-
centrosymmetric model, refining the relative fractions of
the two inversion twins. For Imm2, f refines to ≈ 50
%, consistent with perfect twinning or retention of cen-
trosymmetry. The Imm2 model which has a polar axis
along the c direction and, in principle, even has the po-
tential for pyroelectricity offers 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 Imma is convention-
ally preferred. Consistent with the structure published
in Ref. [14], the subsequent discussion will therefore pre-
dominantly focus on the Imma solution although SG

Imm2 cannot be completely ruled out. The results from
our SC-XRD were used as input for the PXRD data, and
as can be seen (Fig. S1 in Ref. [19]), the powder data
are fully consistent with SG Imma 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
EuPd3Si2 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 [Å] b[Å] c[Å] 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 c of
EuPd3Si2 obtained through SC-XRD and PXRD and those
reported in Ref. [14].
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d2 = 5.7393(5) Å, d3 = 6.0062(3) Å, and d4 = 5.5800(3) Å
between the Eu atoms within the b–c plane, and per-
pendicular to it the pseudo-hexagonal layers are strongly
connected by the distance d1 = 3.6258(1) Å along the
a direction (Fig. 1(c)). For completeness, the values in
the case of the non-centrosymmetric SG Imm2 would be:
d2′ = 5.7394(5) Å, d3′ = 6.0064(3) Å, d4′ = 5.5799(3) Å,
and d1′ = 3.6258(1) Å. In principle, the two SGs lead
to identical results. For comparison, the corresponding
values from Ref. [14] are: d2∗ = 5.7506 Å, d3∗ = 6.0072
Å, d4∗ = 5.6134 Å, and d1∗ = 3.5962 Å. 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) : (52.3±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 detected 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
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FIG. 2. (a) Heat capacity as function of temperature for
different magnetic fields. (b) The peak at TN1 shifts to lower
temperatures with higher magnetic fields. (c) Heat capacity
as function of temperature up to 200K.

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 λ-type peak at TN1 = 61 K and a
weak kink at TN2 = 40 K. As shown in Fig. 2(b), the
peak shifts to lower temperatures with increasing mag-
netic field which is consistent with AFM order. 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 again broadened in magnetic field
and is no longer recognizable for µ0H = 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 γ = (48 ± 5) mJ/molK. A possible origin of
the enhanced γ is the coupling between Eu 4f-derived mo-
ments and the itinerant Si–Pd valence bands [14], which
can lead to a moderate renormalization of the electronic
density of states at the Fermi level and an increased effec-
tive mass m∗. The data are in contrast to those presented
for the compound EuPd3Si2 in Ref. [14], where two λ-
type peaks have been observed at TC1 = 78K and TC2 =
5K, and from which it was concluded that a long-range
order of Eu is already observed below TC1. At 200 K,
the heat capacity 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, ρ(T ), shown
as normalized resistivity ρ/ρ300K in Fig. 3(a), was mea-
sured between 300K and 2K 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 TN1 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 TN1 shifts only
slightly toward lower temperatures, as indicated by the
arrows. For fields of µ0H ≥ 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] TN2 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 (c). 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 0.1T. The residual resistivity ratio for the mea-
sured samples of RR2K = ρ300K/ρ2K ≈ 1.2 (j ∥ [010]) is
small. A similar characteristic was observed in Ref. [14]
at different temperatures TC1 and TC2. The obtained
RR2K≈1.5 is comparable to the value determined from
the data taken from the samples of this study. The 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 ferromagnetic order would typically be
signified by certain key indicators. These would include
a divergence in susceptibility at the transition, 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 1.8K and 150K and is presented
for a field of µ0H = 0.01T 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 to the orthorhombic structure of the ma-
terial. The magnetic susceptibility shows a transition
into the magnetically ordered phase at TN1 = 61K and
a further transition at TN2 = 40K. This is in contrast to
the results presented in Ref. [14], where a transition at
TC1 = 78K and a spin reorientation at TC2 = 5 K were

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 a canted
AFM-type of order.
For the samples studied here, AFM order was derived
from the characteristic susceptibility curves [21, 22].
When the magnetic field is applied perpendicular to the
direction of the magnetic moments in an AFM material,
it tends to align the moments more easily. In this config-
uration, the susceptibility is 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 energy barrier for tilting spins, and
the system can respond more readily, enhancing the sus-
ceptibility often denoted as χ⊥. 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 antiparallel arrangement and thus does not lead
to a strong response. The system may still exhibit some
weak response 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 χ∥.

Our susceptibility measurements show that between
61K and 40K, the susceptibility is constant for H ∥ [010]
andH ∥ [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 χ⊥ in this T range.

In case of H ∥ [100] (black data in Fig. 4), a χ∥
behavior was found. However, the susceptibility shows
a non-monotonic temperature dependence between 61K
and 40K. Specifically, χ(T ) first decreases upon cooling
from 61K to 52K, followed by an increase below 52K
down to 40K. This particular temperature dependence
might be related to the redistribution of different AFM
domains for H ∥ [100] between TN1 and TN2. Upon heat-
ing from 2K to TN2 = 40K, a change in χ(T ) occurs that
is most pronounced for H ∥ [010] while χ(T ) is high and
almost constant for H ∥ [100]. This behavior below TN2

is assigned to a canting of the magnetic moments in the
material. Below TN2 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 TN1, the moments
might align to a configuration parallel to [100] along the
Eu chains. Between 2K and TN2, 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
µ0H = 1T of a powdered sample. The orange line in-
dicates the Curie-Weiss fit in the temperature range be-
tween 290K and 150K. Here, the compound shows an
effective paramagnetic moment of µeff = (8.5 ± 0.4)µB

and a Weiss temperature of ΘW = (66.2 ± 0.6)K. The ef-
fective moment µeff is slightly larger than the calculated
moment of Eu2+ (7.94µB), 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 EuPd3Si2 in FM chains
along the [100] direction, which are AFM coupled. Fur-
thermore, TN1 = 61K of our EuPd3Si2 samples is almost
equal in absolute value to ΘW . The observation of a
FM Weiss temperature very similar in absolute value to
the AFM ordering temperature was made earlier for in-
stance in case of EuRh2Si2 [2]. Here, it was argued that
this points to a strong coupling within each FM sublat-
tice and a much weaker intersublattice coupling.
The temperature dependent data recorded in higher
fields, see Fig. S6 in Ref. [19], show that the transition
at TN1 shifts to lower temperatures with an increasing
field applied along the main symmetry directions, which
is consistent with AFM order. In addition, the field that
is needed to reach the field-polarized state is strongly
anisotropic. While the transition broadens already at a
low field of ≈ 0.3T, for the field along [100], Fig. S6(a),
it is clearly visible up to a field of 2.5T applied along
[001], Fig. S5(c). The transition at TN2 is clearly visible
with a field applied along the [010] and [001] directions.
Similar to the transition at TN1, it decreases in tempera-
ture with an increasing field and is smeared out in a low
field of 0.05T for H ∥ [100] and a 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 M sat = 7.34 µB per Eu which is slightly higher than
the expected value for Eu2+ of M sat = gJJ = 7 µB. This
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FIG. 4. Magnetic susceptibility as function of temperature
for different directions of an applied field of 0.01T. Two tran-
sitions are observed. 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 150K ≤ T ≤ 290K.

by ∆M sat ≈ 0.3µB at 2 K enhanced moment is consis-
tent to what was observed in [14] where band structure
calculations 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 B100,2K

c = 0.3 T, for H ∥ [010] at B010,2K
c = 1.6 T and

finally for H ∥ [001] at B001,2K
c = 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 sat = 5.2µB. 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 M sat 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 Ki and anisotropy fields Hi
K = 2Ki/(µ0Ms)

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
EuPd3Si2, the resulting magnetocrystalline anisotropy
constants and fields are K1 = 7.1 × 105 J/m

3
(H1

K =

2.1 T) and K2 = 4.2 × 105 J/m
3
(H2

K = 1.25 T). The
magnetocrystalline anisotropy constants K1 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 K2 is of the same order of magnitude as
K1 is consistent with the complex orthorhombic crys-
tal symmetry of EuPd3Si2. It was found that such an
unusually high K2 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 K1 and K2 (on the or-

der of 105 J/m
3
) 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 EuPd2 thin films.
The microscopic origin lies in the hybridization of elec-
tron bands, where spin-orbit coupling is crucial despite
the pure spin magnetism (L = 0) of Eu2+. These results
highlight the necessity of considering collective band ef-
fects to explain the anisotropy in Eu2+ compounds.
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E u P d 3 S i 2

FIG. 5. Magnetic moment per Eu as function of the mag-
netic field for field applied along the three main symmetry
directions at 2K. The data in gray are taken from [14].
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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 TN1 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 TN2. 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, EuPd3Si2 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] EuPd3Si2 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 EuPd3Si2 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 TaSi2 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 EuPd2Si2 [20]. A
similar case of growth condition-dependent physical
properties was observed for the compound EuCd2As2,
in which an antiferromagnetic (crystal growth from Sn
flux in Al2O3 crucibles [29]) or ferromagnetic ground
state (crystal growth from salt flux in SiO2 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 d1=3.6258(1) Å, is
larger than the distance d1∗=3.5962 Å extracted from
the data reported in Ref. [14]. The Eu bond lengths
within the b–c plane, d2 = 5.7393(5) Å, d3 = 6.0062(3) Å,
and d4 = 5.5800(3) Å, also differ from those reported
in Ref. [14], where the corresponding values are d2∗
= 5.7506 Å, d3∗ = 6.0072 Å, d4∗ = 5.6134 Å. These
differences, likely induced by some form of substitution,
can alter interactions between Eu atoms, as has 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 field effects. In the case
of EuPd3Si2, the spin-orbit coupling has little impact
on the 4f shell of Eu2+ due to L = 0. The low
anisotropy seen in the exchange, attributed to the
difference Θa

W − Θc
W ≈ 4K, is likely due to spin-orbit

coupling influencing the Pd states near the Fermi level.
This interaction promotes spin polarization among
the neighboring Eu moments 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

putative antiferromagnetic order observed in the present
study below the transition temperatures TN1=40K
and TN2=61K clearly differ from the ferromagnetism
reported in [14], which occurs at the transition temper-
atures TC1=78K and TC2=5K. In the present case, the
RKKY interaction JRKKY ∝ cos(2kFR)/R3 determines
the magnetic properties. Due to the change of the lattice
parameters and bond distances compared to Ref. [14],
it can be assumed that in the present case the coupling
constant JRKKY is close to a 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, JAFM

RKKY
is found to be dominant, whereas in Ref. [14] the pre-
vailing JRKKY 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 EuPd3Si2 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 EuPd3Si2 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
(c) 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 EuPd3Si2. 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 χ⊥ below TN1

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=40K. These results differ from
previously published ferromagnetic ordering in EuPd3Si2
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 K1 = 7.1 × 105 J/m

3
and K2 = 4.2 ×

105 J/m
3
. 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 EuPd3Si2 shows anisotropy
along the three main symmetry directions, which is sum-
marized in phase diagrams in Fig. 6.
Besides EuPd2Si2 [20] and EuCd2As2 [29], EuPd3Si2 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.
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