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Spin density waves and ground state helices in EuGa, 4Al, 4
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The Eu(Ga;_,Al,), series is composed of centrosymmetric structures which exhibit a wide range of rich
topological phenomena, including some members hosting magnetic skyrmions. In this letter, we investigate the
previously unreported intermediate compound EuGa; 4Al; 6, which hosts two distinct phase transitions under
zero applied magnetic field. We have used resonant elastic x-ray scattering with full linear polarization analysis
to unambiguously determine the zero-field magnetic structures, which consist of a transition between a basal
plane transverse spin density wave at higher temperatures into a noncollinear helical ground state. Furthermore,
we demonstrate a phase coexistence regime below the transition and reveal an elliptically modulated helical

magnetic structure emerging from wavevector splitting.

DOI: 10.1103/PhysRevResearch.6.1.032015

Among the myriad exotic incommensurate magnetic struc-
tures, skyrmions continue to excite the magnetism community
[1-5]. Primarily driven by their emergent electromagnetic
properties and the discovery of numerous energy-efficient
control methods, skyrmions show promise as elements within
low-energy spin-based applications [6—14]. Conventionally,
they are stabilized by competing direct exchange and the
Dzyaloshinskii-Moriya (DM) interactions in noncentrosym-
metric helimagnets [15-20]. However, other stabilizing mech-
anisms including geometric frustration, Rudderman-Kittel-
Kasuya-Yosida (RKKY) interactions, and strong spin-lattice
coupling have demonstrated a rich variety of skyrmion spin
textures in rare-earth-based centrosymmetric intermetallics
[21-24]. Recently, a combination of DM and RKKY interac-
tions has been shown to form skyrmion textures with hybrid
helicities [25], a prime example of the opportunity provided
by combining and tuning the underlying magnetic interac-
tions. Chemical doping allows such an opportunity which
has previously resulted in room-temperature skyrmions and a
number of exotic low-temperature phases across the CoZnMn
series [26]. However, until recently, chemical variation and its
effect on emergent physical properties had not been investi-
gated among the centrosymmetric skyrmion materials.
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The Eu(Ga;_,Al, )4 series provides the first centrosymmet-
ric chemical doping series in which skyrmions are suggested
to exist across a number of compositions [27]. Isostruc-
tural and electronically similar to GdRu,Si,, an established
skyrmion host, Eu(Ga;_,Al,)4 crystallizes in the tetragonal
14 /mmm space group with a widely varying magnetic phase
diagram across the composition series [28]. At one end, EuAly
hosts numerous incommensurate magnetic phases and meta-
magnetic transitions, including a vortex lattice, a square to
rhombic skyrmion lattice transition, and a helical ground state
which switches chirality on reducing temperature [24,29-32].
In contrast, on the far end of the series, EuGay hosts a single
type A commensurate antiferromagnetic phase [33-36]. In the
center, EuGayAl, hosts a single intermediate magnetic field
phase with a large topological Hall effect (THE), the structure
of which is yet to be refined [37]. A variety of different
structures have been proposed for the zero-field phases, with
suggestions of helix or transverse spin density wave (SDW)
transitions into a cycloidal ground state, with varying moment
directions [28,38]. Schematics are shown in Fig. 1(c). Addi-
tionally, a symmetry breaking charge density wave (CDW)
has been shown to be a competing factor in the electronic or-
dering, leading to complex domain formation and potentially
contributing to the THE signal [38]. The variety of different
magnetic phases and ground state structures observed across
the series is surprising and warrants further study. Naturally,
this raises questions as to what happens within the interme-
diate disordered compounds which have hitherto not been
investigated with scattering techniques.

It is with this notion that we bring attention to EuGa, 4Al; ¢
which hosts a multistep transition in zero magnetic field,
similar to EuGa,Al, and EuAls. Through a comprehensive
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FIG. 1. Crystal structure, characterization, and spin textures.
(a) EuGay 4Al; ¢ crystal structure with /4/mmm space group. The
4e sites are 100% occupied by Ga, whereas 4d sites have a 20%
occupancy of Al. (b) Low-temperature moment versus temperature
(bottom) and temperature derivative dc(l’(”TT)) versus temperature (top)
indicating two distinct transitions at 73 = 17.8 K and 7, = 14.8 K.
Measurements were taken with a 100 Oe field along the c-axis.
(c) Reported magnetic structures in the closely associated material,
EuGa,Al;: helix (Hel), cycloid (Cyc), and SDW.

resonant elastic x-ray scattering (REXS) study featuring a full
linear polarization analysis (FLPA), we have unambiguously
determined the zero-field magnetic textures and the nature of
their phase transitions. Our results suggest a transition from
a basal plane transverse SDW into a ground state helical
phase. In addition, we quantify wavevector splitting on re-
ducing temperature and discuss the possibilities of domain
coexistence and structural distortions. In the wider context
of the Eu(Ga;_,Al,) series, these measurements suggest a
nonmonotonic dependence of the ground state spin structure
on the Ga/Al composition and highlight the necessity to refine
the magnetic structures across the composition series.

Single crystals of our target material EuGa, 4Al; ¢ were
synthesized using the self-flux technique and character-
ized with single-crystal x-ray diffraction, confirming the
space group and yielding lattice parameters of a = b =
4.3335(10) A, and ¢ = 10.8715(5) A at 120 K. The site oc-
cupancies were determined from the refinement with perfect
gallium occupation on the 4e sites and 20% occupation on
the 4d sites. A representation of the unit cell is shown in
Fig. 1(a). Magnetometry measurements in Fig. 1(b) indicate
two distinct transitions in both the moment and temperature
derivative (d%T)) at T} = 17.8 K and at T, = 14.8 K, re-
flective of a zero-field multistep transition. More details of
the characterization can be found within the Supplemental
Material [39]. To determine the nature of the two magnetic
phases observed within these measurements, we employed
high-resolution REXS measurements with FLPA. While neu-

tron diffraction has been the major technique for determining
magnetic structures for a number of years [40,41], REXS
provides a number of experimental benefits such as element
selectivity and overcoming the high neutron absorption of
natural europium [42]. More specifically, utilizing FLPA, all
components of the magnetization can be resolved to refine the
magnetic structure [43—46].

Using the same single crystal, we perform REXS off
a polished (110) face on the P09 resonant scattering and
diffraction beamline at the PETRA III synchrotron source
in the horizontal scattering geometry with the c-axis aligned
vertical, a schematic of which is shown in Fig. 2(a) [47]. A
double-phase retarder was used to vary the incoming linear
polarization [48] of x-rays tuned to an incident energy close to
the Eu Ly edge (7.61 keV, Fig. 2(b)). We performed FLPA in
combination with a pyrolytic graphite (00 6) analyzer crystal
by rotating the incoming x-ray polarization and analyzing
the scattered x-ray polarization [44]. Using the scattering
geometry in Fig. 2(a), the wo’ or on’ scattering channels
probe magnetic moments lying within the basal plane while
s’ scattering probes only c-axis components for electric
dipole dominated transitions [49,50]. For a more thorough
description of resonant x-ray scattering amplitudes, interested
readers should see the Supplemental Material [39]. Other than
the energy scan in Fig. 2(b), the following measurements are
centered around the (220) Bragg peak and observed under
decreasing temperature.

Stark differences are found when comparing /& scans
within the two magnetic phases [Figs. 2(c) and 2(d)]. Namely,
we observe a single magnetic wavevector Q; in phase 1,
and three collinear wavevectors Q,, O3, Q4 in phase 2.
Differences are also found within the temperature dependence
of the integrated intensities in the wx’ and wo’ scattering
channels [Figs. 2(e) and 2(f)], which show the evolution of
the wavevector splitting as well as hinting at the nature and
origin of each phase. Specifically, the absence of intensity
in the w7’ channel indicates a lack of a c¢-axis component
to the spin texture, while any absence in wo’ would indicate
only c-axis components. Intensities in both of the scattering
channels were obtained through pseudo-Voigt lineshape fits
and plotted in Figs. 2(g) and 2(h), respectively. Similar to the
prementioned magnetometry, the REXS intensities display
a nonmonotonic temperature dependence with multiple
transitions occurring below 77, namely at 7, = 13.5 K and
T3 = 11 K, which are clearly associated with wavevector
splitting in Fig. 2(f). The value of 7, likely differs from the
magnetometry due to nominal x-ray beam heating, whereas
the transition at 73 is completely absent in the magnetometry
suggesting a more subtle effect. The initial ordering below
T, shows a single wavevector, Q1, only in the o’ scattering
channel, suggestive of a spin texture with moments lying
only in the basal plane. At 75, the wavevector splits into
two, whose magnitudes diverge on reducing temperature
before a second splitting event at 73. The polarization
dependence of the transitions through 7, and 73 suggest that
Q; and Q, are of identical nature, in contrast to Q3 and Qy,
which both host a more complex spin texture. Since there
is little change to the peak positions, the sharp change in
intensity at 9 K in Fig. 2(g) may be explained by domain
reorientation events between symmetrically equivalent

L032015-2



SPIN DENSITY WAVES AND GROUND STATE HELICES ...

PHYSICAL REVIEW RESEARCH 6, L032015 (2024)

(001)
(a) - (c)
(1 0)% (170)

é, & (h, 2, 0) T=15K] §
Ol TIU’ ] E
08 | £
~ py; S 4 -—
éx én > . " =
6’ nA 2.225 2230 °
(b) (d h(r.lLu.)
o0 LEu, @140 | [ 20 T=55Kk] ¢
R T=55K Qs no']  E
g 2 % 178
= ' — : 1o E
7.61 (koY) 7.62 2.225h( ) 2.230
e r.l.u.
(e) (f)
18 50
IS L I o’
T1 | Phase 1
16 -
i 40
14 | R
L T> - Phase 2 30~
<12 - g
LT SNUPUUROPRPR . UDROI [ U S— <
T3 H 20—
10 ‘ - ]
8 -_ — C ‘- 10
N N l ! T ]
1 . . L . 1 . IS P W o
2.22 2.23 2.22 2.23
h (r.L.u) h (r.Lu)
(g) (h)
Q> Qs Qs ¥ Total Int.
S tintx2 T3 Ty nan| ; : : o’
Esha, % Fontns Sog0,,0 B
Gp W %L - AN
S ™% o000 i f N
EO_ | . o\&AAAAA [ | . .E. [
10 15 10 15
T (K) T (K)

FIG. 2. Temperature-dependent REXS /4 scans. (a) Scattering
schematic indicating the polarization basis with the sample c-axis
vertical. (b) Energy scan on the (3, 1.226,0) magnetic satellite
across the Eu Ly absorption edge at 5.5 K. (c), (d) & scans at 15 K
and 5.5 K respectively measured in the wo’ scattering channel with
corresponding wavevectors indexed by Q;. (e), (f) Two-dimensional
maps of the intensity measured during 4 scans measured while cool-
ing from 18 to 5.5 K for both the 7z (e) and o’ (f) channels. (g),
(h) Integrated & scan intensities as a function of temperature for 7o’
(scaled by 2x) and 7’ channels, respectively.

domains. Consequently, we do not consider this as a fourth
transition.

To fully characterize the four observed wavevectors and
discern their microscopic nature, we determine the magnetic
textures using FLPA. The polarization state of an x-ray beam
is fully characterized by the Poincaré-Stokes’ parameters P =
(Py, P, P3), where P; defines the degree of o or m polarized
light, P, the degree of polarized light £45° to the scattering
plane, and P; the degree of circularly polarized light. For a
given incoming polarization angle »n;, the diffracted intensity

TABLE 1. Refined model parameters. Best fit irrep combina-
tions and resulting fit parameters (R,, I,) for each (2+7, 0, 0)
type wavevector with corresponding magnetization oblateness, f, and
goodness of fit, x2. For Q3/Q4, R, is fixed to 1. Allowing it to vary
does not lead to improved fit.

0; Irrep R, I f X2

0, mSM3 1.000000(13) 0 - 1.63
0, mSM3 1.000000(14) 0 - 1.95
Q03 mSM3 & mSM4 1.0 0.826(13) 0.174(13) 6.87
0, mSM3 & mSM4 1.0 0.96(3) 0.04(3) 77.1

from the analyzer crystal is measured as a function of the
analyzer crystal rotation, n4 [Fig. 3(a)]. P; and P, are then ex-
tracted from these curves using I o P;sin(2n4) + P>cos(2n4)
and taking into account cross-talk between polarization chan-
nels, resulting in the Stokes’ parameters in Fig. 3(b).

First, FLPA of the main beam are measured to determine
the degree of linear polarization. FLPA are then measured for
Q;, and the magnetic structure is refined using MagStREXS
by taking the main beam Stokes’ parameters as an input and
determining the structure that transforms them into those of
each wavevector. MagStREXS refines the magnetic structure
by taking an initial guess from combinations of the basis
vectors of the irreducible representations (irreps) allowed by
the space group and incommensurate wavevector. For the
(247, 2, 0) wavevector, there are three irreps (mSM2, mSM3,
mSM4), which each define an SDW with the moments along
the a, b, and c directions, respectively. A general spin texture
is described by Fourier components often built from com-
binations of irreps. The general expression for the Fourier
coefficient of a spin texture belonging to wavevector k for an
atom j is given by [40]

Sk = 5 (Ruj + i} exp(=27igh;). M

where R = (R, Ry, R;), I = (I, I, I,) are both real vectors
which refer to the proportion of moment oriented along the
a, b, and ¢ directions, respectively. ¢y; is a phase parameter
useful in describing some magnetic structures but in our case
is fixed to zero. As the irreps refer to SDWs along each crystal-
lographic direction, cycloidal and helical spin textures require
two irreps (one real and one imaginary), where the relative ori-
entation between the basis vectors and wavevector determines
the nature of the spin texture. Using models from combi-
nations of the preceding irreps, clear best fits are observed
in the refinement process and are shown in Figs. 3(c)-3(f),
with the corresponding models and refinement parameters
shown in Table I. For a more thorough explanation of FLPA
and the refinement process, alongside examples of poorly
fitting magnetic models, see the Supplemental Material [39].
Both Q; and Q, are well described by a basal plane trans-
verse SDW [Fig. 3(g)], with identical values of R, and similar
goodness of fits, x? (see Table I). In contrast, both Q3 and Qy,
which only form after 7, are similarly described by a helical
spin structure with the moments in the bc-plane [schematics in
Fig. 1(c)]. Any modification of these models does not improve
the quality of the fit. Interestingly, the best fit refinements
result in a circular helix for Q4, fulfilling the expected constant
moment solution for a ground state structure [52]. However,
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FIG. 3. Full linear polarization analysis. (a) n4 scans of the analyzer crystal for different incoming x-ray polarization fitted with I
Pisin(2n4) + P,cos(2n,4). (b) Resulting Stokes parameters Py (teal), P> (purple) of the main beam for different incoming polarizations. The
gray dotted line indicates degree of linearity, P;, = /P? + P7. (¢)—(f) Fitted Stokes parameters of each of the four magnetic satellites indicated
in Fig. 2(d) using MagStREXS. Q; and Q; [(c) and (d)] are fit with a basal plane transverse SDW. Q3 and Q, [(e) and (f)] are fit with a helix
(Hel). (g), (h) Real space representations of the magnetic structures of Q; and Qs, respectively, plotted over four unit cells using Mag2Pol

[51].

the fit of Q3 shows an elliptical modulation to the helix with

an oblateness (f = R’k_l‘", which characterizes the envelope
3

of the helix) of f = 0.17(3), unexpected for a ground state
structure. A real space schematic of the elliptically modulated
helix for Q3 is shown in Fig. 3(h). Amplitude modulated spin
structures are energetically unfavorable at the low temperature
limit leading to commensurate lock-in transitions, squaring
up of the magnetization via higher-order harmonic forma-
tion, or first-order transitions to a constant moment phase
[40,52,53]. These results are consistent with the latter, where
the constant moment helical ground state is obtained for Q4
suggesting a complex mechanism responsible for the elliptical
modulation of Q3.

There are some notable comparisons between these re-
sults and those of EuGa,Al,, which similarly displays
three distinct transitions on reducing temperature. First,
the onset of a basal plane SDW from the paramag-
netic phase is identical to the recent REXS results on
EuGa;Al,, consistent with a second-order phase transition
[38]. Second, the AFM2 phase in EuGa,Al, is limited be-
tween 10.5 and 15.5 K and is considered as mixed phase
coexistence. This alone describes the three transitions ob-
served in the magnetometry data: paramagnetic to SDW, SDW
to a mixed phase, and mixed phase to a helical ground state. In
the case of EuGa, 4Al; ¢, we do not observe a third transition
and instead find a phase coexistence regime extending down

to the lowest temperatures measured. Coexistence regions
usually surround a first-order phase transition; however, the
extent in EuGa, 4Al; ¢ is more than double that observed in
EuGa;Al, [38] suggesting disorder broadening of the transi-
tion, which is supported by the minimal residual resistivity
ratio in the series found at x ~ 0.3 [27]. Lower temperature
measurements may elucidate the full range of the disorder
broadening.

The elliptical distortion of Q3 and wavevector splitting
absent in the magnetometry poses an interesting question
about the nature of the phase. A potential explanation for the
03/04 peak splitting could be the formation of a multi-Q
spin texture defined by two inequivalent wavevectors. The
resulting peak splitting would generate two symmetrically
equivalent domains rotated by 90°, and the formation of
higher-order harmonics would compensate for the modu-
lated spin structure. An example of this is demonstrated in
GdRu,Si, where higher-order satellites are observed at the
q1 + 2q» positions resulting in a constant moment ground
state and one-dimensional topological charge stripes [54].
However, our zero-field single-crystal neutron diffraction data
show no higher-order wavevectors at any integer sum of Qs
and Q4 [39], suggesting that multi-Q spin texture formation is
unlikely.

Another explanation of the splitting is an orthorhombic
crystal distortion, which has been previously observed within
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other compositions in the series [31,38,55]. Additional Bragg
peaks have been found at specific sample surface locations in
EuGa,Al,, which are indicative of complex domain forma-
tion suggested to result from the symmetry breaking CDW
[38]. However, we observed no structural distortions down to
20 K and no signatures of CDW formation within this ma-
terial, in agreement with other disordered compounds across
the series [27,39], which is likely caused by the disorder
on the Al sites which are suggested to be the main factor in the
CDW formation [38]. Consequently, this suggests an alternate
mechanism for the domain formation. Interestingly, an or-
thorhombic distortion has been determined to be a contributor
to the skyrmion formation in EuAly [31,56], and therefore its
presence may be indicative of skyrmion formation across the
series. A thorough low-temperature crystal structure determi-
nation would determine changes in the unit cell which may be
caused by the competing magnetic order.

Within the wider context of the series, the varying magnetic
ground state is particularly interesting. EuGay, EuGa,Al,,
and EuAl, host commensurate antiferromagnetic, incommen-
surate cycloid, and incommensurate helical ground states,
respectively. Therefore, the resurgence of a helical spin tex-
ture with increased Ga substitution suggests a nonmonotonic
variation in the ground state across the series. This could be
explained by the nonlinear dependence of the Eu-Eu spacing
given by the changing lattice parameter and subsequent ex-
change interaction across the series [27]. Refinements of the
structures in EuAly have also demonstrated similar elliptical
modulations to the helix ground states (f = 0.286), with
the dipolar interaction suggested to contribute to the favored
moment directions [57]. However, since the dipolar energy
provides a minor contribution (on the order of ~1 K), a more
significant anisotropic interaction is expected to be respon-
sible for the varying ground state and elliptical modulation.
A potential explanation is the strong spin-lattice coupling
responsible for the skyrmion instabilities in this material [31].
However, without thorough structural characterization as a
function of temperature, the responsible mechanism is elu-
sive at this stage. Nevertheless, the similarities in ground
state between EuGa; 4Al; ¢ and EuAly highlight the surprising
formation of a cycloid in EuGa,Al,, and call for further scat-
tering studies across the series to provide a more complete
understanding of the mechanism responsible for the varying
structures.

In summary, we have performed comprehensive REXS
measurements with FLPA to determine the nature of the mag-
netic ground state of EuGa; 4Al; ¢ and demonstrate complex
behavior below the ordering transition resulting in a helical
ground state. Compared with the center and end compounds,
our results suggest a nonmonotonic variation of the magnetic
ground state across the Eu(Ga;_,Al,)s series. An investiga-
tion of the Al-rich compositions would give more insight into
the leading interactions responsible for the varying magnetic
ground state, potentially elucidating the requirements for sta-
bilizing topologically nontrivial spin textures. Furthermore,
this study highlights the importance of magnetic structure
determination, the benefits of REXS with FLPA, and the im-
portance of studying the intermediate compositions within the
Eu(Ga;_,Al,), series.

Data presented in this paper are available at [58].
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