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We report resonant elastic x-ray scattering of long-range magnetic order in EuPtSi;, combining different
scattering geometries with full linear polarization analysis to unambiguously identify magnetic scattering
contributions. At low temperatures, EuPtSi; stabilizes type A antiferromagnetism featuring various long-
wavelength modulations. For magnetic fields applied in the hard magnetic basal plane, well-defined
regimes of cycloidal, conical, and fanlike superstructures may be distinguished that encompass a pocket of
commensurate type A order without superstructure. For magnetic field applied along the easy axis, the
phase diagram comprises the cycloidal and conical superstructures only. Highlighting the power of
polarized resonant elastic x-ray scattering, our results reveal a combination of magnetic phases that suggest
a highly unusual competition between antiferromagnetic exchange interactions with Dzyaloshinsky-

Moriya spin-orbit coupling of similar strength.

DOI: 10.1103/PhysRevLett.130.266701

In recent years great efforts have been made to identify
magnetic superstructures in bulk materials, thin films, and
nanoscaled systems [1-5]. In systems comprising ferro-
magnetic exchange with Dzyaloshinsky-Moriya (DM)
spin-orbit coupling [6,7], major discoveries include long-
wavelength incommensurate modulations [8-11], soli-
tonic structures [12], and topologically nontrivial order
such as skyrmion lattices [13—19]. While these modulated
states under applied magnetic field may feature transitions
between different superstructures, they collapse at a well-
defined transition into a field-polarized state [20-22]. In
comparison, less is known about materials comprising
antiferromagnetic exchange with DM interactions, as the
mere number of possible modulated structures is much
larger. Representing the perhaps most general condition,
an unresolved question concerns possible magnetic order
in the presence of antiferromagnetic exchange and DM
interactions of similar strength.

Focusing on magnetic ions such as Eu’* or Gd**, in
which quenched orbital momentum gives way to almost
unconstrained spin degrees of freedom, a rich variety of
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antiferromagnetic states has attracted great interest. Topical
examples include incommensurate antiferromagnetism and
a large topological Hall effect in EuGa,Al, and EuAl, [23—
28], complex antiferromagnetism in GdRh,Si,, skyrmion
lattice order in GdRu,Si, [29,30], Gd,PdSi; [31], and
Gd;RuyAl, [32], colossal magnetoresistance in com-
pounds such as EuX,Y, (X = Cd, In and Y = As, Sb, P)
[33-43], as well as magnetic order and superconductivity in
EuX,As, (X =Fe, Ni, Cr, Co) and related compounds
[44-46]. These systems, however, lack global DM inter-
actions in their centrosymmetric crystal structures. This is
contrasted by the observation of magnetic superstructures,
superconductivity, and quantum criticality in Eu7 X5, where
T = Pt, Pd, Ni, Rh, Co, Ir and X = Si, Ge, Sn, Ga, most of
which lack inversion symmetry [47-59].

For our study, we selected EuPtSis, which crystallizes in
the noncentrosymmetric tetragonal BaNiSnj structure (space
group [4mm), shown in Fig. 1(a) [60]. Measurements of the
bulk properties established the characteristics of antiferro-
magnetic order of localized Eu?* moments below a transition
temperature 7, = 17 K [61]. Depending on field direction,
up to four different phase pockets, denoted A-D, were
identified, as shown in Fig. 1(b) for field parallel (110). For
the point group symmetry of EuPtSi;, DM vectors D;; are
permitted that support the formation of superlattice structures
with Néel-type twisting including antiferromagnetic Néel
skyrmions [5,62]. Preliminary neutron scattering suggested
some form of superlattice modulation with a wavelength of
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about 100 A at zero field, however, without information on
the nature of the underlying antiferromagnetism [61].

Experimentally, the unambiguous determination of com-
plex antiferromagnetic spin structures is especially
demanding, requiring scattering techniques with high
momentum resolution at large momentum transfers, and
the possibility to obtain element-specific information and to
separate spin and orbital degrees of freedom. Moreover, in
many cases tiny sample volumes are available only, e.g., in
the form of thin films, nanoscale systems, or bulk samples
of highest purity. While neutron scattering has become
indispensable in studies of magnetic structures, it cannot
meet these general requirements, not to mention prohibi-
tively strong neutron absorption in elements such as Eu,
Gd, or Cd. In contrast, seminal studies of comparatively
simple magnetic structures in selected rare-earth com-
pounds have demonstrated the capability of resonant elastic
x-ray scattering (REXS) with full linear polarization
analysis (FLPA) to overcome these challenges [38,63-66].

Using REXS, we determined the four antiferromagneti-
cally ordered phases of EuPtSi;. As a main result, we find
that all antiferromagnetic phases represent variations of the
same type A antiferromagnetism, where the tetragonal
[001] axis is the easy magnetic direction. Combining
different scattering geometries and FLPA, we identify
long-wavelength cycloidal, conical, and fanlike superstruc-
tures, consistent with the DM vectors expected in space
group /4mm [61]. At intermediate fields, the conical and
fanlike superstructures encompass a phase pocket of pure
type A antiferromagnetism without superstructure, reflect-
ing antiferromagnetic exchange and DM interactions of
similar strength. For field along [001], only the phases with
cycloidal and conical superstructures are stabilized.

For the REXS experiments, a polished single-crystal
cube with an edge length of 2 mm was used as prepared
from an ingot grown by means of the optical floating-zone
technique [67,74]. The same sample was also used for the
study of the magnetization, ac susceptibility, and specific
heat reported in Ref. [61]. REXS was carried out in the
second experimental hutch EH2 of beam line P09 at the
synchrotron source PETRA III [75]. Hard x rays at an
incident photon energy of 7.61 keV were used close to the
Ly edge of europium, cf. Fig. 1(a), where the magnetic
cross section is dominated by electric dipole transitions
[76]. The x-ray diffraction was carried out in a horizontal
scattering geometry and the polarization of the scattered
beam was analyzed using PG006 as the analyzer crystal
[67,77], permitting a clean polarization analysis, i.e., with
negligible analyzer leakage. Magnetic structure refinement
by means of a FLPA was carried out using a double phase
retarder [77] in combination with the analyzer. In this setup,
the polarization plane of the incident beam was rotated
rather than the sample, which permits us to avoid parasitic
mixing due to slightly different beam spot positions on the
sample as well as differences of angular positions of the
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FIG. 1. Crystallographic and magnetic properties of EuPtSis.

(a) Tetragonal unit cell of EuPtSis, space group [4mm, and
resonant enhancement of the magnetic Bragg intensity when
tuning the incident photon energy across the Ly edge of euro-
pium, characteristic of magnetism predominantly carried by Eu>*
moments. (b) Magnetic phase diagram for field parallel to [110],
as inferred from susceptibility Rey,. [61]. Antiferromagnetic
phases with cycloidal (Cycl, green), conical (Con, red), com-
mensurate (Com, orange), and fanlike (Fan, yellow) order as well
as paramagnetic (PM) and field-polarized (FP) regimes may be
distinguished. (c) Field dependence of the REXS intensities at
Bragg positions characteristic of the different magnetic phases.

diffractometer. Further information on the sample align-
ment, the mathematical description of polarized REXS, and
the magnetic structure determination may be found in the
Supplemental Material [67].

The sample was cooled using a variable temperature
insert. A cryomagnet was used to apply vertical magnetic
fields of up to 14 T, where two field orientations were
studied. In a first experiment, the magnetic field was
applied in the tetragonal basal plane enclosing an angle
of 20 deg with the [110] axis. This way, the magnetic
scattering of all domains could be studied in a single
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FIG. 2. Resonant elastic x-ray scattering. (a) Schematic depic-
tion of the REXS intensity around the reciprocal-space position
(h,k,1) = (0,0,5) in the four ordered phases established in bulk
measurements [61]. Maxima at positions @ are indexed with the
name of the phase. Arabic numbers indicate crystallographically
equivalent positions attributed to different magnetic domains.
Positions Q and Q* are mirrored with respect to (0, 0, 5) and
belong to the same domain. Magnetic field H was applied along a
nonsymmetry axis within the basal plane in order to discriminate
single-domain and multidomain states by means of their evolu-
tion under field, cf. Supplemental Material for data with field
parallel to (110) [67]. (b) Intensity distributions recorded across
planes of constant /, marked by blue shading in (a). (c) Intensity
when scanning [ through characteristic magnetic Bragg peaks at
constant . and k. For clarity, in the conical phase data were
mirrored at / =5 (open symbols).

scattering channel, namely, 7 — ¢’. In a second experi-
ment, the magnetic field was applied parallel to the
crystallographic [110] axis, for which the evolution of
domain populations as a function of field permitted us to
discriminate multi-k from single-k characteristics [61,67].
The FLPA was carried out for this high-symmetry con-
figuration. Data shown in Figs. 1 and 2 were recorded with
the first configuration; data shown in Fig. 3 were recorded
with the second configuration; further data are shown in the
Supplemental Material [67]. For clarity, momentum trans-
fers are given in reciprocal lattice units (r.l.u.), correspond-
ing to 2z/a along directions /& and k or 2z/c along .

For all four antiferromagnetic phases, REXS intensity
was recorded at specific positions @ in the vicinity of the
reciprocal-space position (h,k,1) = (0,0,5), which is
crystallographically forbidden. As shown in Fig. 1(c),
the integrated scattering intensities as a function of field
reflect accurately the phase boundaries of the magnetic
phase diagram. The intensity distributions are depicted
schematically in the form of colored spheres in Fig. 2(a).
Typical REXS data are presented in the form of two-
dimensional maps inferred from scans at constant / in
Fig. 2(b) and scans along [ at fixed % and k in Fig. 2(c). The
data presented below were measured under a rotation of the
linear polarization by 90 deg, namely, in the 7 — ¢
channel, characteristic of magnetic scattering [76].

In phase A (H < H,), eight magnetic satellites were
observed at (+e, +¢,5 + &) with e = 0.007(1) and §, =
0.077(6) (green spheres). This field distribution implies
superlattice modulations of the staggered magnetization
with ¢/(28,) ~ 64 A along [001] and a/(2v/2¢) ~ 215 A
in the basal plane along (110). As satellites antipodal to
(0, 0, 5) arise from the same domain of the incommensurate
modulation axis, four crystallographically equivalent
domains are distinguished that were populated equally
after zero-field cooling. Maxima at reciprocal-space posi-
tions with [/ < 5 are labeled by an index enumerating the
domains. Maxima at [ > 5 attributed to the same domain
are denoted by an asterisk. In the 7 — ¢’ polarization
channel, the maxima at Q¢ 3 and Q4 are weak due to
well-understood polarization effects for the scattering
geometry chosen here, although all domains are populated
equally (see Supplemental Material [67]).

The scattering intensity in phase B (H; < H < H,) is
characteristic of domains with an in-plane modulation
perpendicular to the field (red spheres). In this field range,
satellites at Qcyc1 3 and Qe 4 Vanish, while the modulation
lengths remain unchanged ¢/(26,) ~ 64 A along [001] and
a/(2v/2¢) =215 A in the basal plane along (110).
Accordingly, the in-plane modulation remains aligned with
the crystallographic axes rather than following the low-
symmetry field direction. The domain populations display
hysteresis as a function of field, as illustrated in the
Supplemental Material [67].

Other than in phases A and B, scattering intensity in
phase C (H, < H < H;) was only observed at (0, 0, 5)
(orange sphere), characteristic of single-domain commen-
surate antiferromagnetic order without superlattice modu-
lations. Entering phase D (H; < H < H,), weak magnetic
intensity at (0,0,5 & §,) with §, = 0.114(6) is observed
(yellow spheres), characteristic of single-domain incom-
mensurate order with a modulation length 43 A of the
staggered magnetization along [001] and no superlattice
modulation in the basal plane. For fields exceeding the
highest critical fields observed in the bulk properties, i.e.,
H, < H, no scattering intensity was observed as expected
of the field-polarized state.
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Magnetic structure refinement by means of FLPA. (a) Schematic depiction of the setup used for FLPA. Variables without and

with prime denote quantities before and after scattering. Polarization directions z and ¢ are in and perpendicular to the scattering plane,
respectively. The direction of the x-ray polarization (red double-headed arrow) with respect to ¢ is denoted by the angle #. The rotatable
analyzer crystal selects a polarization direction enclosing an angle v/ with ¢’. The crystal may be rocked by the angle © 4. Phase plates
determine the incident polarization [77]. (b) Rocking scan of the analyzer for a given incident () and scattered (¢/) polarization channel.
Integrated intensity is inferred from a Gaussian fit (solid line). Typical data for the commensurate phase are shown. (c) Integrated
intensity for a given incident polarization (r) as a function of the analyzer orientation v/ and Poincaré-Stokes fit (solid line). Magnetic
intensity in channels 7 — ¢’ and 7 — 7’ reflect magnetization components in and perpendicular to the scattering plane. (d) Poincaré-
Stokes parameters P} and P as a function of the incident polarization angle #. Solid lines correspond to calculations based on

commensurate antiferromagnetic order. Discrepancy from P

—1 at =0, marked in green, is attributed to charge scattering.

(e)—(h) Schematic real-space depictions of the magnetic structure in the different phases in the crystallographic (110) plane (orange
shading). Blue and red colors indicate large and small components along [001]. The modulation length refers to the staggered

magnetization.

To determine the nature of the magnetic order unambig-
uously, FLPA was carried out in each magnetic phase for
magnetic field parallel to [110] [63,64]. The experimental
setup is schematically depicted in Fig. 3(a). The procedure
is illustrated by means of data recorded in the commensu-
rate phase shown in Figs. 3(b)-3(d), cf. Supplemental
Material for data recorded in the other phases [67]. For a
given polarization angle # of the incident beam, the
scattering intensity for a given orientation of the analyzer
crystal / was determined by integrating over a rocking scan
of the analyzer crystal using a Gaussian fit [78] [Fig. 3(b)].
Such rocking scans were carried out for a series of analyzer
orientations /. Fitting the integrated intensities with the
equation f(v/) « 1 4+ P} cos 20/ + P} sin 2/ [Fig. 3(c)], the
linear polarization of the scattered beam was determined in
terms of its Poincaré-Stokes parameters P} and P, cf.
Supplemental Material [67]. This measurement protocol
was repeated for different values of # [79]. Finally, starting
from the irreducible representations, values of the Poincaré-
Stokes parameters P'$%(p;) and P'S¥(n;) were calculated

for each candidate magnetic structure and compared with
the seven pairs of Poincaré-Stokes parameters experimen-
tally determined [Fig. 3(d)].

Crucial for the refinement of the magnetic structure, the
FLPA allowed us to single out the spin scattering con-
tributions. Namely, in all magnetic phases scattering
intensity was also observed under unchanged linear polari-
zation; i.e., special care has to be taken to distinguish
magnetic from nonmagnetic scattering contributions. In the
o — ¢ channel, the scattering must be purely nonmagnetic,
while it may be magnetic or nonmagnetic in the 7 — 7’
channel [76,80]. For the magnetic structure refinement, it
was assumed that the nonmagnetic scattering is due to
charge scattering. For increasing magnetic field going from
phase A to phase D, inclusion of the charge scattering
improved the goodness of fit dramatically, cf. Supplemental
Material [67]. In addition, intensity maxima were observed
in the cycloidal and conical phase in the £ — #’ channel at
(0,0,5 + 6;), independent of the magnetic satellites. This
intensity may be the characteristic of so-called truncation
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rods arising from finite penetration depth or a symmetry
reduction due to structural modulations or charge-density
wave order [27]. While further studies are needed to resolve
the origin of the charge scattering, determination of the
magnetic structures pursued here turns out to be robust.

The magnetic structures inferred from REXS with FLPA,
taking charge scattering into account, are depicted sche-
matically for the crystallographic (110) plane in Figs. 3(e)—
3(h). Starting with phase A, shown in Fig. 3(e), type A
antiferromagnetism is observed with an antiparallel cou-
pling of the moments along the (111) directions and a long-
wavelength cycloidal superstructure. The superstructure
exhibits modulations along [001] and one of the (110)
axes. This superstructure supports four equivalent domain
populations in zero field. Figure 3(e) depicts the domain
associated with Q. ;. Considering phase B, depicted in
Fig. 3(f), the same type A antiferromagnetism persists with
a superstructure that is closely related to the cycloid,
supporting modulations along [001] and perpendicular to
the field direction. The main difference with respect to
phase A is the uniform magnetization along the field
direction. Thus, with increasing field the opening angle
of the conical structure decreases.

Phase C, shown in Fig. 3(g), represents commensurate
type A antiferromagnetism in which ferromagnetic layers
of moments parallel and antiparallel to the [001] axis
alternate along the same axis, superimposed with a uniform
magnetization along the field direction. The resulting
magnetic structure is noncollinear but coplanar without
additional twisting or scalar spin chiralities. Finally, as
shown in Fig. 3(h), phase D corresponds to type A order
with a long-wavelength amplitude-modulated superstruc-
ture of moments pointing along [001] and a uniform
magnetization along the field direction. This modulation
may be referred to as fanlike and differs distinctly from the
cycloidal and conical modulations.

Considering the DM vectors permitted by the crystal
structure [61], Hamiltonian contributions of magnetic
moments for the next-nearest-neighbor bonds along
(111) perpendicular to the field direction [110] favor spin
canting around [110], such as in the cycloidal and conical
state. For next-nearest-neighbor bonds along (111)
perpendicular to [110], instead spin canting around [110]
is favored, as observed in the fanlike phase. In combination
with the Zeeman energy in applied fields, modulated states
as different as the cycloidal and the fanlike state may be
realized.

We finally note that the critical field of the field-polarized
state of order 9 T, which sets the scale of the antiferromag-
netic exchange interactions, exhibits comparatively small
anisotropy [60,61]. As the commensurate phase is encom-
passed by the phases supporting cycloidal, conical, and
fanlike superstructures, the DM spin-orbit coupling must be
comparable in strength to the antiferromagnetic exchange.
Thus, building on the advantages offered by REXS with

FLPA in studies of antiferromagnetic superstructures and
materials not amenable to neutron scattering, we identify a
highly unusual combination of interactions and magnetic
phases which, to the best of our knowledge, has neither been
reported experimentally nor addressed theoretically before.
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