PHYSICAL REVIEW B 111, 165136 (2025)

Correlation between complex spin textures and the magnetocaloric and Hall effects in
Eu(Ga;_,Al,), (x =0.9,1)

Kelly J. Neubauer 123" Revin Allen®,-23 Jaime M. Moya
Lisa DeBeer-Schmitt®,> Wei Tian

L4 Mason L. Klemm®, -3 Feng Ye
, Emilia Morosan ®,

S Zachary Morgan 2
123 and Pengcheng Dai® >3-

lDepartment of Physics and Astronomy, Rice University, Houston, Texas 77005, USA
2Smalley-Curl Institute, Rice University, Houston, Texas 77005, USA
3Rice Center Sfor Quantum Materials, Rice University, Houston, Texas 77005, USA
4Applied Physics Graduate Program, Rice University, Houston, Texas 77005, USA
3Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

@™ (Received 14 October 2024; revised 5 January 2025; accepted 1 April 2025; published 21 April 2025)

Determining the electronic phase diagram of a quantum material as a function of temperature (7) and applied
magnetic field (H) forms the basis for understanding the microscopic origin of transport properties, such as the
anomalous Hall effect (AHE) and topological Hall effect (THE). For many magnetic quantum materials, includ-
ing EuAly, a THE arises from a topologically protected magnetic skyrmion lattice with a nonzero scalar spin
chirality. We identified a square skyrmion lattice (sSkL) peak in Eu(Ga,_,Al,), (x = 0.9) identical to the peak
previously observed in EuAl, by performing neutron-scattering measurements throughout the phase diagram.
Comparing these neutron results with transport measurements, we found that in both compounds the maximal
THE does not correspond to the sSKL area. Instead of the maximal THE, the maximal magnetocaloric-effect
boundaries better identify the sSkL lattice phase observed by neutron-scattering measurements. The maximal
THE therefore arises from interactions of itinerant electrons with frustrated spin fluctuations in a topologically

trivial magnetic state.

DOI: 10.1103/PhysRevB.111.165136

I. INTRODUCTION

The conventional Hall effect is the potential difference
(V) across a nonmagnetic electric conductor transverse to
the current (/) and to an external magnetic field (H) per-
pendicular to / [1]. The unconventional Hall effect includes
anomalous, topological, and spin components and describes
additional effects from magnetism in conducting quantum
materials not included in the conventional Hall effect. While
the conventional anomalous Hall effect (AHE) was initially
observed in ferromagnetic (FM) materials with spontaneous
magnetization (M) [1], AHEs have since been observed in
antiferromagnetic (AFM) materials due to the interplay of
electrons and splns [2-4]. Generally, the AHE 1s given by
va = ,o))C + ,o\x, where the first contribution, ,o > represents
the conventional AHE and scales with the net magnetlzatlon
The second contribution, ,oyx, represents the topological Hall
effect (THE). In contrast to the conventional AHE, the THE
is not proportional to a net magnetization and has been con-
sidered the signature of spin textures with nonzero scalar spin
chirality (SSC) [x = S; - (S; x Sk) # 0, where S;, S, and Sy
are the three nearest spins | in real space [5—8]. Noncoplanar
spin structures, such as skyrmions, have nonzero SSC and
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exhibit nonzero Berry curvature that acts as an effective mag-
netic field and gives rise to a topological contribution to the
Hall resistivity. Since skyrmions can be easily manipulated,
they hold tremendous promise for novel spintronics applica-
tions [8—11].

Most topological spin textures and corresponding THE
have been realized in noncentrosymmetric materials such as
MnSi and related systems where the Dzyaloshinskii-Moriya
(DM) interaction stabilizes skyrmions [5,12-17]. Recently,
several centrosymmetric materials have been reported to
host skyrmion lattices. This includes the centrosymmetric Eu-
based materials EuAl,Ga, [18] and EuAly [Fig. 1(a)] [14] and
Gd-based compounds such as GdRu,Si; [19], Gd;RusAl,
[6], and Gd,PdSis [7,20,21]. These materials host incommen-
surate ultrasmall skyrmions stabilized with magnetic fields,
as illustrated in Fig. 1(b) [22]. In centrosymmetric systems,
the underlying mechanism of the skyrmions and their relation
to the magnetotransport effects are not well understood. In
particular, it is unclear how these skyrmions contribute to
the AHE compared with the DM- or geometric frustration-
induced skyrmions in noncentrosymmetric materials
[5,12-17].

In addition to magnetic skyrmion lattice [8], the AHE
or THE can also arise from conduction electrons scattering
off spin fluctuations in geometrically frustrated antiferromag-
nets, as seen in the kagome lattice antiferromagnet YMngSng
[23-25] and the Gd-based compounds Gd;RusAl;;, (triangu-
lar lattice) [6] and Gd,PdSij3 (breathing kagome) [7,20,21]. In
this situation, spin fluctuations from geometrically frustrated

©2025 American Physical Society
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FIG. 1. (a) Crystal structure of Eu(Ga,_,Al,),. (b) Schematic of

the square skyrmion lattice (sSkL) [14]. (c) Eu(Ga,_,Al,), magnetic

field—temperature (H-7) phase diagram with contour map corre-
sponding to the contribution to the anomalous and topological Hall
resistivity pyTX for x = 1. Beige triangles were determined by max-
ima in dM/dH and brown squares were determined from d(MT)/dT
measurements. (d) Phase diagram with contour maps of ASy (7T, H)
for x =1 and applied magnetic field along the ¢ axis. The phase
regions separated by features in dS/dH are visualized in terms of en-
tropy. The lines indicate the phase boundaries. The dotted lines show
regions where first-order phase transitions occur and correspond to
the rhombic and square skyrmion lattices. (e) Eu(Ga,_,Al,), c-axis
magnetic field—temperature (H-T) phase diagram with contour map
corresponding to the contribution to the anomalous and topological
Hall resistivity pyTx for x = 0.9. Blue circles indicate regions where
the sSKL peak in small-angle neutron scattering (SANS) measure-
ments was observed with the relative intensity of the peak indicated
by the shading of the circle. (f) Phase diagram with contour maps
of ASy(T, H) for x =0.9. These data are obtained from SANS
data for a field along the ¢ axis. Phases II and III are likely canted
phase of helical spin structure with a ferromagnetic moment along
the ¢ axis. (g)—(i) Schematic of the [H, K, 0] plane reciprocal-space
maps showing (g) commensurate (CM) peaks, (h) incommensurate

(ICM) peaks, and (i) sSkL) peaks with gray, red/pink, and blue dots,

respectively.

magnetism can give rise to nonzero SSC and therefore THE.
For magnetic Weyl semimetals, where Weyl fermions are gen-
erated in inversion-symmetric materials below the magnetic
phase transition [26,27], spin fluctuations at elevated tempera-

tures can cause enhanced scattering of Weyl electrons and give
rise to AHE [28]. Furthermore, metamagnetic multiband ef-
fects can give an AHE-like signal in the Ising antiferromagnet
ErGa; [29]. Since spin fluctuations in these antiferromagnets
and metamagnetic multiband effects are topologically trivial
and clearly different from topologically nontrivial magnetic
skyrmions [8], it is important to identify the contribution of
magnetic skyrmions to the AHE.

The Eu(Ga,_,Al,), system is particularly interesting
among centrosymmetric skyrmion materials. Eu(Ga;_,Al,),
compounds are tetragonal with space group I4/mmm as shown
in Fig. 1(a). For x = 1, an incommensurate charge-density
wave (CDW) order appears around 140 K with modulation
wave vector Qcpw = (0, 0, 0.183) along the ¢ axis [30]. The
Ocpw gradually shifts to a commensurate position of (0, O,
1/6) with decreasing temperature [30]. Very recently, resonant
magnetic x-ray-scattering experiments on EuAl, unveiled a
first-order transition associated with a spontaneous chirality
flipping of the helical magnetic order at 10.1 K [30,31]. In-
triguingly, the CDW order strongly couples with the magnetic
order and exhibits a commensurate-to-incommensurate transi-
tion at the chirality flipping temperature [30], much different
from the CDW and magnetic order coupling in kagome lattice
antiferromagnet FeGe [32]. A similar coupling of the CDW
and magnetic order was also reported in the related compound
EuGa2A12 [18]

Eu(Ga;_,Al,), with x =1 orders antiferromagnetically
below Ty = 15.4 K, followed, on cooling, by three additional
magnetic transitions at 13.3, 12.3, and 10.1 K [30]. EuAl4 has
been shown to exhibit a series of metamagnetic transitions
when a magnetic field is applied along the ¢ axis, as shown
in Fig. 1(c), although the nature of these transitions has been
unclear [33]. Additionally, EuAls has been shown to host
magnetic-field induced square and rhombic skyrmion lattices
and exhibits a large AHE [14]. Interestingly, we observe that
the maximal THE and skyrmion phases do not occur simulta-
neously in EuAly as it does in other skyrmion systems [14,34],
thus raising the issue concerning the microscopic origin of the
oberseved THE and its relationship with the skyrmion phase.
Therefore, the Eu(Ga;_,Al,), system provides a unique ex-
ample of a skyrmion phase that cannot be easily identified
based solely on a maximal THE measured via transport.

Upon replacing Al in EuAl; by Ga to form EuGay,
the structural properties or magnetic ordering temperature
do not change substantially [35,36]. For partially doped
Eu(Ga;_,Al,),, previous work showed antiferromagnetic
(AFM) ordering with the Néel temperature 7y ranging from
12 to 20 K for x = 0 — 1 [35,37-39]. Despite that, a small
10% Ga doping strongly influences the phase diagram, as
shown in Figs. 1(e) and 1(f), which hosts a strong and broad
maximal THE [38]. Yet, the relationship between the THE
and spin textures in the 10%-doped sample is unknown.
Since small-angle neutron-scattering (SANS) experiments
on EuAly; have previously identified the temperature and
applied magnetic-field regimes where a skyrmion lattice oc-
curs [14], similar measurements on Ga-doped compounds
Eu(Ga;_,Al,), can determine the evolution of the skyrmion
lattice with x. By carefully comparing SANS measurements
with the maximal THE, we can determine if the maximal
THE in centrosymmetric materials is associated with a field-
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induced skyrmion lattice. If, similar to the parent compound,
the maximal THE and skyrmion region do not coexist in the
same place of the H-T phase diagram, we can consider other
probes, such as the magnetocaloric effect (MCE), to more
accurately locate the skyrmion state in H-T space. Although
MCE is not directly related to the topological nature of the
skyrmion lattice, it is sensitive to the magnetic phase bound-
ary and changes in magnetic entropy induced by the applied
magnetic field.

In this paper, we carried out detailed magnetization,
magnetotransport, MCE, SANS, and wide-angle neutron-
diffraction measurements on single crystals of Eu(Ga;_,Al,),
with x =0.9 and 1. Our work focuses on the x = 0.9
compound. We determined the magnetic states from neutron-
scattering measurements. Commensurate (CM) nuclear Bragg
peaks, shown in Fig. 1(g), are observed at all temperatures
and magnetic fields, while incommensurate (ICM) peaks,
shown in Fig. 1(h), appear below Ty = 16K at zero applied
field. For H||c, in a small region of temperature and c-axis
magnetic-field phase space (~10 K and 1.25 T), an additional
peak appears, as shown in Fig. 1(i), and corresponds to the
emergence of a square skyrmion lattice (sSkL) [14]. At tem-
peratures below 8 K and 1.25 T, there are no additional peaks,
suggesting that the system forms a simple canted spin helical
structure along the field direction. The skyrmion lattice occurs
at temperatures close to 7y, well separated from the maximal
THE observed below ~4 K. Therefore, in Eu(Gag 1Alyg),,
a clear mismatch exists between the skyrmion lattice and
maximal THE. This result indicates that the skyrmion lat-
tice in Eu(Ga;_,Al,), is highly sensitive to x and that the
maximal THE, typically used to indicate a possible skyrmion
state, is not a strong indicator of skyrmions in this system.
Instead, we show that the maximal MCE is a strong indi-
cator of the skyrmion phase in this system, providing an
early example of a skyrmion lattice phase identified based on
its dc magnetization response [40]. Therefore, the maximal
THE exists without a topologically nontrivial magnetic state,
suggesting that the topological skyrmion lattice phase does
not contribute significantly to the THE in centrosymmetric
Eu(Ga;_,Al,),. Our data instead indicate that the maximal
THE in Eu(Ga;_,Al,), arises from interactions of itinerant
electrons with frustrated spin fluctuations in a topologically
trivial magnetic state, or f-d electron interactions through a
metamagnetic multiband effect [29].

II. EXPERIMENTAL METHODS

Single crystals of Eu(Ga;_,Al,), with x = 0.9 and 1 were
grown using a self-flux technique described in Ref. [39].
Details of the magnetization and transport measurements are
described in Ref. [38]. Details for the analysis of the THE
of the x = 1 can be found in Ref. [34]. Magnetization mea-
surements were made using a Quantum Design Dynacool
system with a vibrating sample magnetometer option. Four-
quadrant longitudinal and Hall resistivity measurements were
performed using a Quantum Design Dynacool system with an
electrical transport option and the data were symmetrized or
antisymmetrized, respectively.

Several neutron-scattering measurements were performed
at Oak Ridge National Laboratory, including at the elastic

diffuse scattering spectrometer CORELLI at the Spallation
Neutron Source, and at the Versatile Intense Triple-Axis
Spectrometer (VERITAS) and General-Purpose Small-Angle
Neutron Scattering Diffractometer (GP-SANS) at the High
Flux Isotope Reactor [41,42]. CORELLI is a time-of-flight in-
strument that uses a white Laue beam and a statistical chopper
for energy discrimination. VERITAS was operated at a fixed
incident energy of 14.5 meV (2.37 A) and used a pyrolytic
graphic monochromator system. Nuclear and magnetic Bragg
peaks collected during measurements using the CORELLI
spectrometer were integrated using the MANTID software [43].
The crystal refinement software JANA [44] was used to re-
fine the structural and magnetic structures. Measurements at
CORELLI and VERITAS used a 3.6-mg, single-crystal piece
cut into a rodlike shape. The rotational axis was oriented
vertically along the long axis of the rod and oriented in the
(H, 0, L) scattering plane. The thickness of the single crystal
was ~0.4 mm, which was optimized for the transmission
geometry due to the strong absorption of the Eu element. A
vertical field magnet was used to apply an in-plane magnetic
field. Data were collected at temperatures between 1.6-300
K and magnetic fields between 05 T. Data were reduced us-
ing MANTID and included absorption correction. We have not
considered the potential effect of demagnetizing field, as such
effect is difficult to estimate. Nevertheless, we believe that the
demagnetizing field effect would be small as Eu(Ga;_,Al;),
orders antiferromagnetically without internal field and the
applied external magnetic fields are relatively large. Neutron-
diffraction data were fit using Rietveld refinement with the
program FULLPROF [45]. Measurements at GP-SANS used a
platelike crystal, and a horizontal magnet was used to apply a
magnetic field along the ¢ axis.

III. RESULTS AND DISCUSSION
A. In-plane magnetic field

First, the magnetic structures of Eu(Ga;_,Al,), for x =
0.9 with an in-plane magnetic field were investigated via neu-
tron diffraction. Figures 2(a)-2(c) show the distinct magnetic
phases, ICM, ICM+FM, and forced ferromagnetic (FFM),
observed. Figure 2(a) shows the neutron-diffraction pattern
obtained at 2 K and 0 T. Here, four distinct ICM magnetic
peaks are observed in the (H, K, 1) plane at H, K = + ~ 0.2
reciprocal lattice units (r.l.u.). Since these results are similar to
previous neutron-scattering work on EuAly [14], we assume
the underlying magnetic structure of the x = 0.9 compound
is similar to that of the undoped one. To accurately deter-
mine the magnetic structure of the x = 0.9 compound, we
carried out wide-angle diffraction measurements over a large
region of reciprocal space using CORELLI. Peak intensities
were extracted, and the magnetic structure was refined. The
refinement results indicate that the ICM peaks correspond to
a screw spin helical structure, shown in Fig. 2(d), with one
domain propagating along the [H, 0, 0] direction and the other
along the [0, K, 0] direction. Our result is consistent with the
screw spin helical structure previously identified in the parent
compound, EuAly, via SANS measurements with a c-axis
magnetic field [14]. The helical or screw magnetic structure is
modeled by a sinusoidal spin component normal to the mag-
netic modulation vector [14]. This previous work identified
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FIG. 2. (a)~(c) Neutron-diffraction patterns about the (1,0,1)
peak as a function of the magnetic field. (a) 2 K, O T has two
magnetic domains corresponding to the peaks along H and K. (b)
At 2 K, 1.3 T, only one magnetic domain with peaks along K
persists. (¢) At 2 K, 2 T, the ICM peaks disappear. (d)—(f) Mag-
netic structure of Eu(Ga,_,Al,), with x = 0.9 as a function of an
in-plane magnetic field. (d) At O T, the magnetic structure hosts two
domains, each comprising a two-dimensional ICM helical structure.
Domain 1 propagates along the b axis, while domain 2 propagates
along the a axis. (e) At 1.3 T, only domain 1 persists, and the ICM
magnetic structure gains a net FM moment along the field direction,
b, resulting in a conical magnetic structure (ICM+FM). (f) At 2 T,
the magnetic structure is a forced ferromagnet (FFM) with magnetic
moments directed along the b axis.

four distinctive magnetic phases (I, IL, III, and IV) in EuAly,
where phase I exists at zero field and forms a screw spin
helix with moments aligned ferromagnetically within the (H,
0, L) plane, but neighboring spins rotate within the (H, 0, L)
plane perpendicular to @, which is directed along the [0, K, 0]
direction [14]. As in the x = 0.9 Eu(Ga;_,Al,), sample, two
domains rotated by 90 ° exist in near-equal populations, giving
rise to the four distinct magnetic peaks in the SANS pattern
in EuAly. The screw structure can propagate along in-plane
directions due to broken symmetry with structural distortion
within the lattice plane [46]. X-ray-diffraction experiments in
EuAly have previously revealed a structural distortion coupled
with the magnetic ordering below Ty [47,48], similar to what
was observed in another member of the series, EuAl,Ga,
[18]. In EuAly, the AFM transition is accompanied by a
structural transition with a discontinuous change in lattice
constants a and b [47,48]. Orthorhombic structural distortion
of 0.03-0.1% within the ab plane was associated with the
skyrmion phases in EuAly [47,48]. More recent work suggests
that the crystal structure of EuAl4 below CDW transition may
be tetragonal noncentrosymmetric [49]. This would allow the
DM interactions, a prerequisite for many skyrmion lattice
hosts [8].

As a magnetic field is applied along the [0, 1, 0] direction,
Eu(Ga;_,Al,), with x = 0.9 undergoes a phase transition
near 0.3 T corresponding to the transition from the ICM to
ICM+FM magnetic states. As the magnetic field is further
increased to ~1.5 T, the material undergoes a phase transition
from the ICM+FM to a FFEM state. These phase transitions

(b) 2 )
Hlb
FFM «d(MTYdT
1.5 .. =dMIdH
E ey
& = ICM + FM \
) y
N ‘
004 U Hib 05
0w e oL oM
0 1 Hzm 3 4 0 4 T?K) 12 16
(c) €0 IcM peak (@ 40 ICM Peak
9 i, GAED e o, OO
;:\ 40 .o' (LN b R ; ¥ (’3
S 3ob * Domain 1 8 20 #,
> 3 . 2 e
‘B ‘B *,
g 20 !* g 10 ",
€ 10 ¢ Domain2 . = 1)
0 Hllb '""uo,.o'".ﬂ.ugun.'.n 0 v
0 05 1 15 0 5 10 15
H(T) T (K)

FIG. 3. (a) Hall resistivity as a function of magnetic field and
temperature for H ||b. The inset shows the Hall resistivity curve with
the high magnetic-field fitting (red line) indicating the AHE behavior
at 2.5 K. (b) Phase diagram obtained from maximum points in dM/dH
and dMT/dT. (c) In-plane field dependence of the ICM peaks along
H, (0.8,0,1)and K, (1, 0.2, 1) at 10 K. (d) Temperature dependence
of the ICM peak along K, (1,0.2, 1) atO T.

are observed in the Hall resistivity p,, measurements shown
in Fig. 3(a) and the magnetization measurements summarized
in the phase diagram shown in Fig. 3(b). The Hall resistivity
pyx for H||b shown in Fig. 3(a) shows only an anomalous
Hall contribution, in contrast to the effect measured when
H||c [38]. This distinction is most evident in the inset of
Fig. 3(a), where T = 2.5 K and the extrapolation from the high
magnetic-field data has a nonzero p,, intercept. Figure 3(b)
presents the H-T phase diagram derived from dM/dH (trian-
gles) and d(MT)/dT (squares).

These phase transitions are consistent with those observed
in the neutron-diffraction measurements. With an in-plane
magnetic field, the intensity of the ICM peaks along the [H,
0, 0] direction weakens while the ICM peaks along the [0, K,
0] direction strengthen, as shown in Fig. 3(c). Above ~0.4 T,
only one domain persists, as demonstrated by the absence of
two of the four magnetic peaks shown in Fig. 2(b). As the
magnetic-field strength further increases, magnetic intensity
is gained at the CM Bragg peak site. This corresponds to the
helical structure gaining a b-axis FM component along the
applied magnetic-field direction and results in an ICM+FM
conical magnetic structure, as shown in Fig. 2(e). The in-
tensity of the ICM peaks decreases with increased magnetic
field and temperature until they disappear in the FFM and
paramagnetic (PM) states, as shown in Figs. 3(c) and 3(d).
In these states, the magnetic intensity is concentrated entirely
at the nuclear site, as shown in the FFM state at 2 K, 2 T in

Fig. 2(f).

B. Out-of-plane magnetic field

Next, the magnetic phase diagrams of Eu(Ga;_,Al,), for
x =1 and 0.9 with an out-of-plane magnetic field were in-
vestigated. Figures 1(c) and 1(e) illustrate the H-T phase
diagrams for x =1 and 0.9, respectively. These diagrams
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FIG. 4. Small-angle neutron scattering patterns as a function of
temperature and c-axis magnetic field. (a)-(c) SANS patterns at 2 K
with (a) 0, (b) 1.25, and (c) 2.3 T. (d)—(f) SANS patterns at 10 K with
(d) 0, (e) 1.25, and (f) 2.3 T. The ICM peaks are also present in the
neutron-diffraction patterns. The (sSkL) peak is observed at 10 K,
1.25 T. (g) Schematic of the phase diagram where circles indicate
where in phase space the measurements shown in (a)—(f) were taken.

were derived from isothermal magnetization data M(H) (tri-
angles) and temperature-dependent magnetic susceptibility
M(T) (squares). The contour maps are obtained from the Hall
resistivity subtraction, pyTx, with H||c and j||ab. (See Figs. 7
and 8 in Appendix A for the corresponding analyses.) In
Fig. 1(c) for x = 1, six distinct magnetic phases are identified,
in agreement with previously reported work on EuAly [14,34].
Interestingly, the region exhibiting the maximal THE in EuAly
does not correspond to phases II and III, where skyrmion spin
textures, square and rhombic, were previously reported [14].
Comparing the phase diagram of x = 1, Fig. 1(c) to x = 0.9,
Fig. 1(e), a dramatic change is observed. At low temperatures,
the number of phases is reduced from four to three, and a
maximal THE is observed in phase II. To determine if the
maximal THE corresponds to a skyrmion lattice in x = 0.9,
we performed SANS measurements, as shown in Figs. 4 and
5. By probing the region of phase space where the THE
emerges, we uncover the relationship between magnetism and
the topological electronic effects present in this system.

The phase II rhombic skyrmion lattice and phase IV vortex
lattice observed in EuAly are absent in the x = 0.9 sample

6 (a)ICM Peak Hllc| [(b) ICM Peak Hllc
5
; 4
2 3
2
g 2
=
1
o &+ 10K +125T
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FIG. 5. (a), (b) SANS integrated intensity of the ICM peak re-
flection as a function of (a) c-axis magnetic field at 10 K and (b)
temperature dependence at 1.25 T along the ¢ axis. (c), (d) SANS
integrated intensity of the sSkL peak reflection as a function of (c)
c-axis magnetic field at 10 K and (d) temperature dependence at
1.25 T along the ¢ axis.

[14]. In phases II and IV of the x = 1 sample, eight dis-
tinct magnetic reflections were previously observed via SANS
with nonorthogonal Q directions, indicating the lost fourfold
symmetry of the rhombic skyrmion and vortex lattices [14].
These phases exist at low temperatures in EuAly, while at 2
K in the x = 0.9 sample we observe no additional magnetic
reflections besides the four peaks that give rise to the screw
helix spin texture, as shown in Figs. 4(a)—4(c). Rather than
a field-induced skyrmion lattice, a magnetic field can induce
the screw helix to undergo a transition to an approximately
sinusoidal fanlike structure when a magnetic field is applied
perpendicular to the helix rotation axis [50]. Therefore, we
propose that the zero-field screw spin helix with moments in
the [H, 0, L] plane transitions to a fanlike structure with non-
collinear spins with a c-axis magnetic field. Similar transitions
have been observed in other materials, including YMneSng,
where spin fluctuations give rise to a large THE [23-25].

A small amount of Ga doping drastically changes the topo-
logical spin textures present in EuAly. The phase III square
skyrmion lattice observed in EuAly is also present in the
x = 0.9 sample, although it emerges most strongly in a differ-
ent region of temperature—magnetic-field phase space. In both
EuAly and the x = 0.9 compounds, the square skyrmion lat-
tice is experimentally observed as a distinct peak that emerges
with the application of a magnetic field. In both compounds,
the sSkL peak emerges at the @, and @, positions, where
0, + 0, is the ICM peak location indicative of multiple-Q
spin order [14]. In the x = 0.9 sample, @, and Q, are at
(~0.15, ~0.15, 0) and (~0.15, ~—0.15, 0), respectively, and
the O, + 0O, position is at (~0.3, 0, 0), as shown in Fig. 4(e).
As shown in Fig. 1(e) for x = 0.9, circles denote where the
field-induced sSkL peak found by SANS measurements is ob-
served, with the color intensity reflecting the relative intensity
of the distinct sSkL peak. While the sSkL peak exists even
at 2 K in EuAly, the sSkL lattice peak is not observed at low
temperatures in the x = 0.9 sample, as shown in Figs. 4(a)-
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4(c). Rather, the sSkL lattice only emerges in a pocket of
phase space at high temperatures and under a magnetic field,
as shown in Figs. 1(e) and 1(f), Fig. 4(e), and Figs. 5(c) and
5(d). For temperatures below 8 K, we do not see the sSkL.
peaks but intensity of ICM peaks increases with decreasing
temperature [Fig. 5(b)]. Since magnetic field suppresses ICM
peak [Fig. 5(a)], these results suggest that magnetic structure
below 8 K is a spin helical order with canted moment along
the ¢ axis [Figs. 1(f) and 2(d)].

The sSkL gives rise to a modest THE as shown in Fig. 1(e).
Yet, a maximal THE, approximately twice as large, is ob-
served at low temperatures where the sSkL lattice is absent.
This is also the case in the parent compound EuAly, where
the maximal THE does not occur where SkLs are observed
and is approximately twice as large in magnitude as the THE
in the sSKL region [Fig. 1(c)]. Skyrmion lattices are not a re-
quirement of the THE. Instead, noncoplanar but topologically
trivial spin textures can give rise to a THE response if they
have nonzero scalar spin chirality. The net scalar spin chirality,
x5, can be estimated on the tetragonal lattice by

sC 1
X = ﬁiglsi < (Siyse X Sitsp)

where N is the system size, i is the position site, S; is the local-
ized spin, and X and y are unit vectors in the x and y directions,
respectively [51,52]. The square skyrmion lattice gives rise to
a net scalar spin chirality and, therefore, a topological Hall
component. In contrast, the fanlike magnetic structure above
the metamagnetic transition near 1 T does not give rise to
a net scalar spin chirality but still yields a large topological
Hall-like effect. Such a fanlike structure has contributed to
a THE in other materials, such as YMngSng [23-25], where
the magnetic structure, in combination with spin fluctuations,
supports a topological Hall contribution. Several other non-
collinear and collinear structures with spin fluctuations have
also been shown to give rise to a THE-like response, such
as Gds;RusAl; [53] and ErMngSng [54]. While the scalar
spin chirality in these systems is equal to zero, spin fluctu-
ations from the geometrical frustrated antiferromagnets can
also contribute to the AHE by scattering the itinerant electrons
even in the spin disordered state [55-57]. Unlike YMngSng,
the largest THE in Eu(Ga_,Al,), with x = 0.9 is found at
the lowest temperatures, indicating another mechanism must
be responsible for the effect. Recently, a metamagnetic Hall
effect has been presented in ErGa, with a magnitude of ~0.06
1S2 cm [29]. The effect size in Eu(Ga_,Al,), with x = 0.9
is comparable in magnitude. Therefore, we conclude that the
maximal THE-like response in Eu(Ga_,Al,), may similarly
not have topological origins. Instead, our data suggest that
the maximum THE in Eu(Ga_,Al,), is likely associated with
interactions of itinerant electrons with frustrated spin fluc-
tuations arising from a noncollinear magnetic ordered state
(Fig. 4).

Since the maximal THE and sSkL lattice do not overlap in
phase space, we consider different methods for the identifi-
cation of topological spin textures. A possible identification
measurement is the MCE, since the interplay of magnetic
anisotropy and electric polarization induced by the spiral
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FIG. 6. Eu(Ga,_,Al,), Magnetocaloric effect (MCE) analysis.
(a), (b) Moment vs temperature with magnetic field H||c for (a)
x =1 and (b) 0.9. The magnetic field was measured from 0.005-2
T with measurements every (b) 50 Oe to obtain a high density of
data points for the MCE analysis. (c), (d) Magnetic field—temperature
(H-T) phase diagrams for (a) x = 1 and (b) 0.9. The contour maps
correspond to dM/dT.

planes and skyrmion lattice leads to large magnetocaloric ef-
fects [58]. The MCE has been shown to be an effective method
for determining the phase diagrams of skyrmion materials,
e.g., in the cubic phase of FeGe [40]. These measurements
allow for quantifying the latent heat associated with magnetic-
field driven phase transitions.

From the Maxwell relation (j—fl)T = (Z—’?)H , where S is
the total entropy, the MCE is determined as the change in mag-
nitude of the isothermal entropy with changing magnetization,
ASu(T, H), given by

ASy (T H)—/H (dM> dH'
M 9 0 dT H/ .

This formulation allows for the direct determination of
the isothermal entropy obtained from bulk dc magnetization
measurements. Figures 6(a) and 6(b) show the magnetiza-
tion M(T) measured under different applied magnetic fields,
where the field was measured at intervals of 50 Oe. This
high density of data points enables detailed observation of the
entropy changes, as seen in Fig. 1(f) for x = 0.9. Following
the M(T) measurement, dM/dT can be calculated, providing
a map of AS),. Figures 6(c) and 6(d) present the H-T phase
diagrams for dM/dT for x =1 and 0.9, respectively. Since
dM/dT = dS/dH, blue regions correspond to a negative change
in entropy and indicate polarizing spins. In contrast, white
regions indicate near-zero entropy change and dark red indi-
cates regions of enhanced entropy, which occur near a phase
transition.

The MCE results are summarized in the phase diagrams in
Figs. 1(d) and 1(f) for x = 1 and 0.9, respectively. The MCE
identifies phase transitions, indicated by changes in first-order
phase boundaries, which can correspond to topologically dis-
tinct spin states. The MCE analysis for x = 0.9 shows the
largest entropy change occurring between phases II and III,
as depicted in Fig. 1(f), coinciding with the presence of the
sSkL peak observed via SANS measurements. Similarly, in
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the x = 1 sample, the largest entropy change corresponds
to the topologically distinct skyrmion phases II and III, as
depicted in Fig 1(d). The dashed lines represent first-order
phase transitions.

The observation of a maximum in THE is not necessarily
associated with the location of a skyrmion lattice. Indeed, in
both the x = 1 and 0.9 samples, the maximal THE does not
correspond to the skyrmion lattice phases. Rather, a strong
MCE identifies the boundary between the topologically trivial
and nontrivial spin structures [59]. Therefore, we conclude a
large MCE rather than a maximal THE response is a strong
indicator of the topologically nontrivial magnetic phases in
the Eu(Ga_,Al,), system. The MCE provides an alternative
method to map phase diagrams of skyrmion hosts and can
be considered in other systems to identify skyrmion lattice
boundaries, especially those hosting large topological Hall-
like responses, potentially arising from topologically trivial
spin textures.

IV. CONCLUSION

In summary, we have used magnetotransport, magnetiza-
tion, and neutron scattering to map out the H-T phase diagram
of Eu(Ga_,Al,), (x =0.9). The neutron-diffraction results
identify several distinct magnetic phases that arise when the
field is applied either in the plane or along the c¢ axis. This
includes a sSKL, identical to that previously reported in EuAly.
At zero field, a screw helical spin structure exists with two
domains propagating along the [H, 0, 0] and [0, K, 0] direc-
tions. Applying an in-plane field populates one domain at the
expense of the other and cants the magnetic structure in the
field direction, resulting in a conical ICM+FM phase before
becoming fully polarized in the FFM phase. A c-axis magnetic
field gives rise to large magnetic and electronic responses,
including a topological Hall response. Our neutron-diffraction
results show that the maximal topological Hall-like response
in Eu(Ga_,Al,), (x =1, 0.9) corresponds to a topologically
trivial, fanlike magnetic state where the large electronic re-
sponse must be attributed to another mechanism, such as
interactions of itinerant electrons with frustrated spin fluc-
tuations or potentially f-d electron interactions through a
metamagnetic multiband effect [29].

Additionally, a sSKL exists in Eu(Ga;_,Al,), (x = 0.9) but
occupies a distinct phase-space area when compared to the
x =1 sample. In both the x = 0.9 and 1 compounds, there
is a discrepancy between the sSKL phase and the maximal
THE. We conclude that while a small THE arises due to
the skyrmion lattice, the sSkL. phase can be identified more
accurately by the maximal MCE, and the maximal THE may
arise from itinerant electron-spin fluctuations interactions in
a topologically trivial magnetic state or yet to be understood
metamagnetic multiband effect [29].
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APPENDIX A: MAGNETIZATION AND TRANSPORT
MEASUREMENTS

Appendix A contains Figs. 7-11.
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FIG. 7. Eu(Ga,_,Al,), magnetization with H||c. (a), (b) The
measured magnetization, M(H), curves at different temperatures. The
corresponding H-T phase diagrams determined from the isothermal
magnetization measurements are shown in (c) and (d). The magnetic
phase boundaries for Figs. 1(c) and 1(e) are obtained from the deriva-
tive in dM/dH, consistent with previous studies [38]. The magnetic
moment saturates at 7 ug/Eu in the spin-polarized (SP) phase above
2 T and 2 K for both x = 0.9 and 1.
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FIG. 8. Eu(Ga,_,Al,), with x =0.9 topological Hall effect
(THE) analysis. THE analysis for x = 0.9 is consistent with that
reported in Ref. [38]. Evaluating the THE in x = 0.9 is challenging
due to the nonlinear field dependence above H., where the M is
saturated. This composition requires a multiband description of the
normal Hall effect to fully account for the normal, anomalous (AHE),
and THE behavior. For this case, we note that in the high-field region,
H > 8T, the Hall resistivity magnetic-field dependence becomes that
of a two-band model. This enables a two-band model subtraction
to extract the AHE and THE dependence following Apy, = oy, —

AHE THE
Ptwo—band — pyx - pyx .

APPENDIX B: NEUTRON-DIFFRACTION
MEASUREMENTS AND DATA ANALYSIS

Appendix B contains Figs. 12 and 13.

O
O

@
G

Pyx (MQ cm)

x=1
Hllc
Jllab

c

0 — Polynomial Fitting
=-0.2 =
5 5
&-06 s
-0.8
0 2 4 6 8
H ()

FIG. 9. Eu(Ga,_,Al,), with x = 1 topological Hall effect analy-
sis. Similar to the x = 0.9 case, EuAl, presents a multiband effect in
addition to quantum oscillations for H > 8 T, as shown in the inset
of (b). In this case, we follow the analysis detailed in Ref. [34]. This
includes subtracting a polynomial background, as shown in (c). The
obtained Ap,, [(d)] contains part of the AHE that could be trivial
(conventional AHE) or nontrivial (THE) in nature.
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FIG. 10. Eu(Ga,_,Al,) with x = 0.9 magnetization with H||ab.
Magnetization measurements were made to define the boundaries
in the phase diagram with an in-plane magnetic field, as shown in
Fig. 3(b) in the main text. The details are included here. The M(H)
curves measured at different temperatures are shown. The magnetic
phase boundary for Figs. 3(c)-3(f) in the main text is obtained from
the derivative in dM/dH, as shown in (b).
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FIG. 11. Eu(Ga;_,Al,), with x = 0.9 susceptibility with H||ab.
The M(T) curves measured at different magnetic fields. The magnetic
phase boundary for Fig. 3(b) in the main text is obtained from the
derivative in dMT/dT, as shown in (b).

FIG. 12. Photograph of the Eu(Ga,_,Al,), with x = 0.9 sample
measured during CORELLI measurements. Due to the large absorp-
tion of Eu, a single-crystalline piece of Eu(Ga;_,Al,) with x = 0.9
sample was cut into a thin rod, as shown. Therefore, as the sample
was rotated 360 ° to collect a reciprocal-space map, a uniform cross
section was irradiated with neutrons.
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FIG. 13. Refinement results for Eu(Ga,_,Al,) with x = 0.9. Nuclear and magnetic Bragg peaks collected during measurements using the
CORELLI [41] spectrometer were integrated using the MANTID software [43]. The crystal-refinement software JANA was used to refine the
structural and magnetic structures. The observed intensities compared to the expected intensities for the refined structures are shown. The
helical or screw magnetic structure is modeled by a sinusoidal spin component normal to the magnetic modulation vector. The R factors were

6.8, 5,05, and 3.83 for (a), (b), and (c), respectively.
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