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Incommensurate magnetic cycloidal order in noncentrosymmetric Eu,Pd,Sn
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The structural and magnetic properties of the noncentrosymmetric Eu,Pd,Sn compound have been investi-
gated by synchrotron x-ray and neutron powder diffraction and *'Eu Mossbauer spectroscopy. No structural
transition was observed in the temperature range 4-290 K. The magnetic phase that develops below ~13.8(5) K
is characterized by an incommensurate cycloidal ordering in the ac plane of the Eu substructure. This magnetic
structure shows significant analogies to the structure observed in EuNiGes, possibly indicating the occurrence of

a skyrmion lattice for Eu,Pd,Sn as well.

DOLI: 10.1103/PhysRevB.109.104424

I. INTRODUCTION

Magnetism in noncentrosymmetric (NCS) magnetic ma-
terials is of great interest due to topologically nontrivial
magnetic textures, which offer the potential for new mag-
netic information manipulation and storage technologies
[1,2]. This variety of complex magnetic order is due to the
competition between the Heisenberg interaction, which fa-
vors ferromagnetic (FM) and antiferromagnetic states, and
the Dzyaloshinskii-Moriya interaction (DMI), which causes
clockwise or counterclockwise rotation of spins [3]. The pres-
ence of DMI requires the violation of inversion symmetry
and the presence of a sizable spin-orbit coupling (SOC). In
many cases, the spin structures are not collinear and are ac-
companied by incommensurate spiral arrangements, as in the
case of the skyrmion lattice in MnSi [4] or in structurally re-
lated compounds such as EuPtSi [5]. While skyrmions usually
occur in noncentrosymmetric materials (in bulk or induced
by interfaces between materials), it was recently discovered
that magnetic frustration in Gd compounds can also stabi-
lize the skyrmion lattice [6]. In the absence of crystal field
splitting, the total spin state S =7/2 of Eu?** and Gd**
provides an ideal platform to study the formation of spin
structures.

Most of the initial research on noncentrosymmetric com-
plex spin structures was devoted to chiral lattice structures
such as MnSi and isotypic compounds. In addition to the
discovery of many intriguing properties, it was shown that
structural chirality uniquely determines the magnetic chi-
rality of these compounds [7]. More recently, attention has
been focused on acentric crystals possessing vertical mirror
planes including a proper axis (i.e., with polar point group),
such as EuT' Ge; (T = transition metal) with the tetragonal
BaNiSn;—type structure (point group Cy,). The best studied
of these compounds is EuNiGe;, where helimagnetic order
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and the appearance of an anomalous Hall effect in the inter-
mediate phase in a magnetic field could indicate the formation
of a skyrmion lattice state [8]. In a recent work [9], we
have shown that Eu,Pd,Sn, crystallizing in the noncentrosym-
metric orthorhombic structure type (polar point group Cy,),
exhibits significant similarities with EuNiGes; in particular,
the magnetic transition occurs at about the same temperature
(T,, = 13 K) and is followed by a broad hump in the specific
heat (C,) at about 10 K with a similar jump in magnetore-
sistance. Both the C, and magnetoresistance anomalies in
Eu,Pd,Sn were associated with a change in the incommensu-
rate character of the magnetic structure at zero field (B = 0).
At higher fields, the possibility of a skyrmionic pocket was
suggested in the magnetic phase diagram of Eu,Pd,Sn, be-
tween a critical point CP; (~7 K, 1.5 T) and 2 K, within
the range 1.25 < B < 1.7 T. The frustrated character of the
puckered ac plane, the ~65° dihedral angle between the Eu
chains, and a possible modulated propagation vector support
this possibility [9].

Neutron diffraction is by far the best method for determin-
ing a magnetic structure, but for Eu-based compounds this
technique is hampered by the large thermal neutron absorption
cross section characterizing natural europium. Nevertheless,
neutron diffraction analysis for magnetic structure determina-
tions can be carried out using a large-area flat-plate geometry
[10], minimizing the effect of strong neutron absorption. In
this way, our group determined the magnetic structure of
several compounds belonging to the Eu-Pd-Sn ternary phase
diagram. In EuPdSn the magnetic ordering at 16.2 K is fol-
lowed by a change in the magnetic structure at ~12 K; in
particular, an incommensurate sinusoidally modulated mag-
netic structure is observed at 13.2 K, and this transforms into
a planar helimagnetic structure at 3.6 K [11]. In EuPdSn,,
magnetic and antiferromagnetic domains coexist below 12 K
and compete in the ground state [12].

©2024 American Physical Society
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In this work, we report the results of neutron diffraction and
Mossbauer measurements on Eu,Pd,Sn, which show that its
magnetic structure has analogies to that observed in EuNiGes,
suggesting a possible skyrmion lattice also for Eu,Pd,Sn.

II. EXPERIMENT

A. Sample preparation and analyzes

Samples were prepared as described in Ref. [13].
Stoichiometric amounts of pure elements (Eu 99.99 mass %
and Sn 99.999 mass % by Smart Elements, Vienna, Austria;
Pd 99.5 mass % from Chimet, Arezzo, Italy) were weighed in
a glove box and enclosed in tantalum crucibles sealed by arc
welding under pure argon atmosphere. The reactant mixture
was melted by using an induction furnace under a stream
of pure argon and then annealed in a resistance furnace at
600° C for two weeks. Finally, the sample was quenched in
cold water.

ISTEy Mossbauer spectroscopy measurements were carried
out using a 3 GBq °!SmF; source, operated in sinusoidal
mode. The drive motion was calibrated by a >’CoRh /o — Fe
standard foil. Isomer shifts are quoted relative to EuF; at room
temperature. The 21.6 keV gamma rays were recorded by
a thin Nal scintillation detector. The sample was cooled in
a vibration-isolated closed-cycle helium refrigerator with the
sample in the helium exchange gas. The spectra were used to
fit the parameters describing a sum of Lorentzian lines to the
positions and intensities derived from a full solution of the
nuclear Hamiltonian [14].

Synchrotron x-ray powder diffraction (XRPD) was carried
out at the high-intensity—high-resolution ID22 beamline of
the European Synchrotron Radiation Facility (ESRF), using
a wavelength A= 0.3543 A. XRPD data were collected in the
temperature range 5-290 K. A reference pattern from LaBg
powder (NIST 660a) was acquired to evaluate the instrumental
line broadening.

Neutron powder diffraction (NPD) was performed at the
Institut Laue Langevin (ILL; Grenoble-F) using the high-
intensity D20 diffractometer. NPD patterns were collected
using a wavelength A = 2.414 A in the temperature range
2.5-20 K; in particular, higher statistic data were collected at
20 K (in the paramagnetic state) and at 10.7 and 2.5 K (below
the magnetic transition temperature). To minimize the effect
of the strong neutron absorption of natural Eu (o,,s = 4530 b),
a large-area sample holder with flat-plate geometry was used
[10]; for this purpose, powdered Eu,Pd,Sn was dispersed and
fixed in the single-crystal silicon flat-wafer sample holder
with an alcoholic solution (ethanol) of GE varnish. The same
experimental setup was successfully applied to determine the
magnetic structure of the similar EuPdSn, compound [12].

Structural refinements were carried out according to the
Rietveld method [15] using the program FULLPROF [16]. For
XRPD data, a file describing the instrumental resolution func-
tion (obtained by analyzing a standard LaBg sample) and
a Thompson-Cox-Hastings pseudo-Voigt convoluted with an
axial divergence asymmetry function were used in the calcula-
tions. In the final cycle, the following parameters were refined:
the scale factor, the zero point of the detector, the background,
the unit cell parameters, the atomic site coordinates not

FIG. 1. Representation of the crystal structure of Eu,Pd,Sn; the
drawing on the right shows the arrangement of the linear Pd chains.

constrained by symmetry, the atomic displacement param-
eters, and the anisotropic microstrain broadening using the
parameters described in [17] tracing back to an approach
presented in [18]. For the NPD data, Rietveld refinement was
carried out by fitting the difference pattern obtained by sub-
tracting the pattern collected at 20 K in the paramagnetic state,
from data collected at 2.5, 5, 7.5, and 10 K (where magnetic
ordering occurs). The resulting difference patterns consist of
purely magnetic Bragg peaks.

III. RESULTS AND DISCUSSION

A. Structural description

So far, Eu,Pd, Sn is the only rare-earth representative crys-
tallizing in the noncentrosymmetric orthorhombic structure
with an Fdd2 symmetry (space group type no. 43; Fig. 1)
[19]. It is isotypic with Ca,Pd,Ge [20], Sr,Pd,Al [21], and
SI‘QPngn [22]

In this crystal structure, the coordination polyhedra do not
have a simple shape and there is no preferred polyhedron
around a particular atom. The most remarkable structural
feature is the linear chains connecting equidistant Pd atoms
(spaced by ~3 A) lying in the ac plane (Fig. 1, on the right).
These linear Pd chains are stacked along the b-axis and
rotated by about 58.5°. A similar structural feature character-
izes Coln,, where equidistant Co-Co chains are present; this
compound crystallizes in the minimal nonisomorphic super-
group Fddd symmetry at room temperature, but undergoes
a structural transition driven by a Peierls distortion at low
temperature where the atomic chains are distorted leading to
the formation of Co pairs [23]. It is thus evident that a detailed
investigation of the structural properties of Eu,Pd,Sn at low
temperatures is required to ascertain if the Peierls distortion
takes place also in Pd chains.

B. Synchrotron x-ray powder diffraction

Rietveld refinements carried out using synchrotron XRPD
data reveal that Eu,Pd,Sn crystallizes in the Fdd2 space
group type in the thermal range 4-290 K; no evidence of
a structural transition (selective peak splitting or broaden-
ing) was detected. In particular, no incommensurate peaks
were detected at low temperature, suggesting that the
Peierls instability observed in Coln, [23] is not active in
Eu,Pd;Sn. Small amounts of Eu,Pd;Sn (~8 wt. %) and other
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TABLE I. Structural data of Eu,Pd,;Sn at 290 K (upper data) and 4 K (lower data) obtained by Rietveld refinement (synchrotron XRPD
data); space group type Fdd?2 (space group no. 43).

Lattice parameters (A)

A

B c
10.4825(1) 16.0739(1) 5.8739(1)
10.4057(1) 16.0343(1) 5.8556(1)
Atomic positions
Atom Wyckoff site X y z
Eu 16D 0.1693(1) 0.0486(1) 0.083(7)
0.1693(1) 0.0483(1) 0.082(9)
Pd 160 0.6671(1) 0.1248(1) 0.075(7)
0.6681(1) 0.1249(1) 0.075(9)
Sn 8a %) 0 0.089(7)
0.092(9)
Agreement factors
RF—facmr 366 RBragg 688
2.49 6.04

unidentified secondary phase(s) were detected. The structural
data for Eu,Pd,Sn at 4 and 290 K are listed in Table I, whereas
Fig. 2 shows the Rietveld refinement plot obtained using the
XRPD data collected at 4 K. The inset in Fig. 2 depicts
the tensor surfaces representing the direction dependence of
the microstrain broadening at 4 and 290 K; no significant
change is observed at these temperatures, indicating that no
change in crystal symmetry (even very subtle) occurs.

The thermal expansion behavior of Eu,Pd;Sn was inves-
tigated by fitting the cell volume in the thermal range 4-290
K (Fig. 3), using a second-order Griineisen approximation for
the equation of state at zero-pressure [24]:

where Q = VoKo/y' and b = (K; — 1)/2; y’ is a dimension-
less Griineisen parameter of the order of unity; Ky is the
compressibility, and K is its derivative with respect to applied
pressure; Vp is the zero-temperature limit of the unit cell
volume; and U is the internal energy per unit cell calculated
by the Debye approximation:

7 \3
Uur)= 9NkBT(—)
Op 0

where N is the number of atoms in the unit cell, kg is the
Boltzmann constant, ®p is the Debye temperature, and T
is the temperature. The fit was carried out assuming Ky ~
119.84 GPa as obtained by using high-pressure synchrotron
XRPD data collected in a previous experiment on the similar
compound Yb,PdyIn [25] (Ky was calculated as described
in Ref. [26]) and ®p = 177 K obtained for Eu,Pd,Sn by
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FIG. 2. Rietveld refinement plot for Eu,Pd,Sn (synchrotron
XRPD data collected at 4 K); the inset shows the tensor surfaces
representing the direction dependence of the microstrain broadening
at 4 and 290 K.
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FIG. 3. Thermal evolution of the cell volume; the solid line rep-
resents the best fit to a second-order Griineisen approximation.
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FIG. 4. Left: '>'Eu Massbauer spectra of Eu,Pd,Sn at several temperatures; the solid lines are full Hamiltonian fits. Right: Temperature
dependence of By for Eu,Pd,Sn; the dashed line through the data is a mean-field solution to the Brillouin function fitting (with a J = 7/2 for

Eu”") yielding an ordering temperature of ~13.3 K.

low specific heat measurements [9]; y’ and K were free
parameters.

The Griineisen approximation accounts reasonably well for
the observed temperature evolution of the cell volume; a slight
deviation is observed below ~15 K, caused by magnetostric-
tion in the magnetic phase.

C. 'Eu Méssbauer spectroscopy

The '3'Eu Méssbauer spectrum of Eu,Pd;Sn at room tem-
perature was recently reported to consist of a single line with
an isomer shift of —9.48(1) mm/s [22], indicating that the
europium is fully divalent. Our measurements were carried
out in the paramagnetic regime at 15 K; the '>!Eu spectrum
still consists of a single signal with an isomer shift of —9.08(2)
mm/s confirming a divalent state for Eu; no evidence for Eu’t
can be detected (the detection limit for Eu3t is ~1%).

Fitting the spectrum taken at 5 K yields an isomer shift
of —9.13(2) mm/s and a quadrupole interaction of —12.4(1)
mm/s, with an average hyperfine field By of 17.1(1) T, typical
of divalent europium intermetallic compounds. Figure 4, on
the left, shows the '"'Eu Mdgssbauer spectra of Eu,Pd;Sn
at selected temperatures, clearly showing the evolution from
magnetically split at 5 K to paramagnetic around 13 K (the
solid lines are full Hamiltonian fits). A single Eu site fails
to properly fit the spectrum collected at 5 K. Following the
indication given by the NPD analysis (which reveals a distri-
bution of moment orientations within the crystallographic cell
due to cycloidal ordering; vide infra Sec. 111 C), the spectrum
at 5 K was modeled using first two and then three equal-area
subspectra with the isomer shifts and V. constrained to be
equal (rotations cannot affect them) and both |By¢| and the
angle between V., and By as free parameters. This three-site
model was found to work better than the two-site model at
5 K. The independent hyperfine fields and angles provide
a simple way to model the distribution resulting from the
cycloidal order. We found a small spread in the hyperfine field
(+/-0.5 T) and in the angle (+/-30 deg). For T > 5 K, the

differences between the two-site and three-site models rapidly
became less significant, so in the interests of minimizing the
free parameters used to fit the spectra, the two-site model
was adopted above 5 K. While this approach is definitely
an imperfect way to deal with the distribution of moment
directions that characterizes the cycloidal ordering, it captures
the essential form of the spectra with the minimum of addi-
tional parameters. Finally, the very narrow range of hyperfine
fields seen in these spectra also indicates that no modulation
of moments is involved in the magnetic order and thus all
magnetic moments are essentially equivalent.

The hyperfine field shows a smooth evolution with
temperature, which can be fitted with a mean-field so-
lution of the Brillouin function with J =7/2 for Eu**
(Fig. 4, on the right), giving a transition temperature of
13.3(2) K.

D. Neutron powder diffraction

Upon cooling, magnetic Bragg peaks arise in the NPD pat-
terns below ~14 K (Fig. 5). The magnetic diffraction pattern
is dominated by a low-angle peak at 0.25A~! that cannot
be indexed to the crystallographic cell; several other weak
incommensurate magnetic satellite reflections are clearly ob-
served at higher O values, which strongly change their
positions with temperature.

The position of the 000* peak at 0.25 A~ exhibits a pecu-
liar behavior (Fig. 6). In fact, on cooling, it initially shifts to
lower Q values just below the magnetic transition, it reaches
a minimum, and then as the temperature is further lowered, it
shifts again to higher Q values.

To determine the possible magnetic structures compatible
with the symmetry of the underlying nuclear structure, the
magnetic propagation wave vector k was identified using the
program K-search; representation analysis was then carried
using the program BASIREPS [27]; both software are included
in the FULLPROF suite of programs. As a result, the magnetic
peak positions fit with a k = [dy, &y, 0] type magnetic wave
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FIG. 5. Temperature-dependent evolution of the magnetic Bragg
peaks in Eu,Pd,Sn (NPD data; panels have different colors scales;
red: high intensity, violet: low intensity).

vector; the very strong magnetic peak at low Q = 0.25 A~!
actually corresponds to the 000 magnetic peak. For this mag-
netic propagation vector, symmetry analysis returns a single
magnetic irreducible representation with independent Fourier
coefficients along the main axes for Eu at the 16b site.

Due to the strong neutron absorption of Eu (which reduces
the intensity of the coherent scattering), the Rietveld refine-
ments of the magnetic structure were carried out by fitting the
difference pattern obtained by subtracting the data collected in
the paramagnetic regime at 20 K from those collected at 2.5 K
(Fig. 7, on the left) to obtain a difference plot that consists
of purely magnetic Bragg peaks. The value of the scale-
factor (needed to calculate the absolute values of the magnetic
moments) was obtained by refinements using the data col-
lected at 20 K, where only nuclear Bragg peaks are present.
A good refinement of this difference data set was obtained
assuming a magnetic structure characterized by an incommen-
surate cycloidal ordering of the Eu magnetic moments in the
ac plane. The components of the magnetic moment were iden-
tical within the error bars along the a- and c-directions and
were therefore constrained to the same value. This is consis-
tent with the Mossbauer data, which suggest that all magnetic
moments should be equivalent. There is no component along
the b-axis. The final refinement of the 2.5-20 K difference
data shown in Fig. 7, on the left, with Rpaen = 13.1% was ob-
tained using just three free parameters: the magnetic moment
value, gy = 5.97(2)ug, and the two components of the mag-
netic propagation wave vector k = [0.3557(6), 0.326(1), 0].
The observed cycloidal magnetic structure has no center of
inversion symmetry, like the underlying nuclear structure.

In a magnetic transition, the order parameter 1 corresponds
to the ordered magnetic moment value, which is linearly pro-
portional to the squared value of the intensity of the magnetic
Bragg peak intensity. For this purpose, the integrated inten-
sity of the very strong magnetic Bragg peak 000* centered
at 0.25A! (arising at T < 13.96 K) was determined from
the temperature-dependent data. Figure 8 (on the left) shows
the square root intensity data fitted with a mean-field solu-
tion of the Brillouin function with J = 7/2 for Eu** (as for
ISTEy Mossbauer data), yielding 7;, ~ 14.1 K. In comparison
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FIG. 6. Temperature dependence of the 000* magnetic peak po-
sition (NPD fast scan data).

with the '>'Eu Mossbauer data fitting (Fig. 4) (as well as
susceptibility measurements and specific-heat measurements
[19]), the magnetic transition temperature is slightly increased
because the NPD data were collected in a continuous mode
during heating.

The components of the magnetic propagation vector ob-
tained by Rietveld refinements using fast-scan NPD data
are displayed as a function of temperature in Fig. 8 on the
right. Both components change with temperature, but they
never assume a commensurate value. Just below the magnetic
transition, the component along the y-axis exhibits a notable
change, whereas the component along the x-axis decreases
slightly upon cooling. In particular, the k, component tends
to lock below ~5.5 K, whereas the k, component still evolves
down to 2.5 K. The minimum observed in the temperature
dependence of the 000* magnetic peak position (Fig. 6) thus
originates from the evolution of the two components of the
magnetic propagation wave vector.

The magnetic structure of EuyPd,Sn is somehow similar
to that of EuNiGe; [28], which also crystallizes in a non-
centrosymmetric structure (space group type: I4mm). Indeed,
an incommensurate helicoidal ordering develops in EuNiGe;
along both the a- and b-axes in the Eu substructure, and
the magnetic moment exhibits non-null components along all
three main basis vectors.

IV. CONCLUSIONS

The crystal structure of Eu,Pd;Sn was investigated in
the thermal range of 4-290 K using synchrotron x-ray
powder diffraction; no structural transition takes place in
this temperature range. '>'Eu Mdssbauer spectroscopy and
neutron powder diffraction show the occurrence of a second-
order magnetic transition at 7, ~ 13.8(5) K. In particular,
Eu,Pd,Sn adopts a complex magnetic structure, characterized
by an incommensurate cycloidal ordering of Eu magnetic
moments with a magnitude of 5.97(2)uz and a magnetic prop-
agation wave vector k = [0.3557(6), 0.326(1), 0] at 2.5 K.
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FIG. 7. Left: Difference plot fitting of the NPD magnetic Bragg peaks of Eu,Pd,Sn at 2.5 K; the inset is a magnification of the plot
in the 1 —4A~! Q-range. Right: Representation of the Eu incommensurate cycloidal magnetic moments orderings along two different

crystallographic directions.

Eu,Pd,Sn exhibits significant structural and magnetic analo-
gies to EuNiGe;, possibly indicating the formation of a
skyrmion lattice state also in this compound.
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