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Real-space and reciprocal-space topology in the Eu(Ga,_,Al,); square net system
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Magnetotransport measurements of the centrosymmetric square net Eu(Ga,_,Al,); compounds reveal evi-
dence of both reciprocal- and real-space topology. For compositions 0.50 < x < 0.90, several intermediate field
phases are found by magnetization measurements when H || ¢, where a maximum in the topological Hall effect
is observed, pointing to the existence of topological (real-space topology) or noncoplanar spin textures. For
0.25 < x < 0.39, magnetization measurements reveal an intermediate field state, but no transition is visible in
the Hall measurements. For x = 0.15, only one magnetic transition occurs below the Néel temperature 7y, and
no intermediate field spin reorientations are observed. The Hall effect varies smoothly before the spin-polarized
(SP) state. However, in the SP state, Hall measurements reveal a large anomalous Hall effect (AHE) for
all compositions, a consequence of reciprocal-space topology. Density functional theory calculations in the
paramagnetic state indeed reveal a Dirac point that lies very near the Fermi energy, which is expected to split
into Weyl nodes in the SP state, thereby explaining the observed AHE. These results suggest the Eu(Ga,_,Al, )4
family is a rare material platform where real- and reciprocal-space topology exist in a single material platform.

DOI: 10.1103/PhysRevB.108.064436

I. INTRODUCTION

The advent of topological materials has generated much
interest not only from a fundamental physics perspective, but
also due to their potential applications in revolutionary elec-
tronic devices. For example, the theoretical prediction of the
quantum anomalous Hall effect (QAHE) [1,2], a consequence
of Berry curvature [3] in reciprocal space, promises the pos-
sibility of quantized, chiral, dissipation-free electron transport
without magnetic fields, ideal for energy efficient electronic
devices. The reality of such a device was brought one step
closer with the experimental realization of the QAHE in the
topological insulator Cr-doped Bi(Sb),Tes [4].

The notions of topology in condensed matter systems
also extend to real space via topological spin textures which
are particle-like, noncoplanar spin configurations character-
ized by a topological charge [5]. Topological spin textures
have been proposed for applications in next-generation mem-
ory, logic, spintronic, and neuromorphic computing devices
[6-10]. Furthermore, itinerant electrons coupled to topolog-
ical spin textures acquire Berry phase when traversing the
noncoplanar spin textures. Therefore, the topological spin tex-
tures can be regarded as real-space sources of Berry curvature,
resulting in the topological Hall effect (THE) [5].

Combining reciprocal- and real-space topology extends the
phase space of approaches for future spintronic applications.
For example, proof-of-principle experiments based on topo-
logical insulator/magnetic heterostructures exhibit both the
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THE and QAHE: this approach takes advantage of the THE
to read out the spin-state information, which, in turn, can be
transmitted without dissipation using the QAHE chiral edge
states [11-16]. Compared to their heterostructure counter-
parts, bulk magnetic topological materials offer the chance for
stronger coupling between magnetism and itinerant electrons.
However, the concurrence of reciprocal- and real-space topol-
ogy has not yet been observed in a bulk system.

The Eu(Ga;_,Al,)s series can be considered an ideal
platform for such reciprocal- and real-space topology coex-
istence. Eu(Ga,_,Al,), crystallizes in the tetragonal space
group 14/mmm [17] with the crystal structure composed of
square nets of Eu atoms separated by Al/Ga layers, also with
square net motifs [18]. The square net features of the Al/Ga
metalloid layer provide a natural platform for Weyl physics
[18], as well as enhanced nesting conditions for incommensu-
rate magnetism [19].

The x =0 compound EuGa, orders magnetically into
a simple A-type antiferromagnetic (AFM) structure [20].
No intermediate phases are observed below the Néel tem-
perature in the magnetic field—temperature (H-7) phase
diagram [18]. However, above Ty, angle-resolved photoe-
mission spectroscopy (ARPES) data show the existence of
fourfold-degenerate spinless nodal rings (NRs) near the Fermi
level in EuGay [18]. With the application of a magnetic
field H || ¢, when the magnetization is saturated in the
spin-polarized (SP) state, the spin degeneracy is lifted, and
two topological Weyl NRs are realized, protected by mirror
symmetry [18]. The topological NRs, whose signatures are
observed in magnetotransport measurements [18], are respon-
sible for the large quantum mobility and large, unsaturated

©2023 American Physical Society


https://orcid.org/0000-0003-1241-9493
https://orcid.org/0000-0002-5433-1513
https://orcid.org/0000-0001-6264-1629
https://orcid.org/0000-0001-8934-7905
https://orcid.org/0000-0002-6076-9204
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.064436&domain=pdf&date_stamp=2023-08-31
https://doi.org/10.1103/PhysRevB.108.064436

JAIME M. MOYA et al.

PHYSICAL REVIEW B 108, 064436 (2023)

magnetoresistance reaching a value of 200000% at uoH =
14T and T =2 K [18,21]. The x =1 compound, EuAly,
[17,22-26] has a complex H-T phase diagram with several
spin reorientation transitions for H || ¢ [22-24]. A nonzero
THE in select regions of the H-T phase diagram led to the
proposal of topological spin textures in EuAly [23]. Later,
the existence of a skyrmion lattice was confirmed via small-
angle neutron scattering measurements [22]. The evidence of
the reciprocal-space topology in EuGa, and real-space topol-
ogy in EuAl, prompts the search for the coexistence of the two
types of topological states across the Eu(Ga;_,Al,)4 series.

The Eu(Ga;_,Al,)s crystal structure has two crystallo-
graphic sites for Al or Ga to occupy [17]. For x = 0.5, the
Al and Ga preferentially occupy the two different sites, lead-
ing to an ordered structure of EuGa,Al, [17]. EuGa,Al, has
also been shown to have a complex H-T phase diagram for
H || ¢, with a nonzero THE maximum centered around an
intermediate field phase, pointing to the existence of either
a topological spin texture or another noncoplanar spin texture
[27]. The exact nature of this intermediate field state is yet to
be determined.

The existence of reciprocal- and real-space topology for
the two end members EuGa, and EuAly, respectively, and
the persistence of the THE in EuGa,Al,, motivate a detailed
study on the Eu(Ga,_,Al,)s series, with a goal of identifying
compositions where both topological phenomena might coex-
ist. To this end, Eu(Ga;_,Al,)4 single crystals with x = 0.15,
0.24, 0.31, 0.39, 0.50, 0.58, 0.71, and 0.90 were synthesized.
In the magnetically ordered state, the THE for x > 0.50 with
H || ¢ is observed, pointing to the existence of topological
or, more generally, noncoplanar spin textures. Additionally,
a large intrinsic AHE is registered in the field-induced spin-
polarized (SP) state when the magnetization is saturated for
compositions 0.24 < x < 0.71, suggesting reciprocal-space
band topology. Density functional theory (DFT) calculations
indicate the existence of a Dirac point near the Fermi en-
ergy in EuGa,Al,. The Dirac point is expected to split into
Weyl nodes in the SP state, responsible for the large AHE in
Eu(Ga,_,Al,),.

II. EXPERIMENTAL METHODS

Single crystals of Eu(Ga;_,Al,)s were synthesized us-
ing a self-flux method described in Ref. [17]. Powder x-ray
diffraction measurements were collected with a Bruker D8
Advance diffractometer with Cu K, radiation. Rietveld re-
finements were done using FullProf software [28] and the
obtained lattice parameters are consistent with the previous
results [17]. Quantitative elemental analysis by wavelength
dispersive spectrometry (WDS) of Eu(Ga;_,Al,)4 phase was
performed using the EPMA (Electron Probe Micro-Analyzer)
instrument at Rice University, with a JEOL JXA 8530F
Hyperprobe equipped with a field emission (Schottky) emit-
ter and five WDS spectrometers. The analytical conditions
used were 15 kV accelerating voltage, 20 nA beam current,
and a spot beam size of ~300 nm. The standards used for
composition calibration were synthetic in-house produced
stoichiometric compounds EuGay and EuAly. Careful back-
ground offsets were manually selected for each element to
avoid interferences with higher-order x-rays during peak and

background measurement. Each element (Ga, Al, and Eu) was
simultaneously analyzed on two spectrometers, in order to
improve the statistics on the standard deviation and detection
limit calculation for each measurement. The reproducibility
of the standards was accurate and precise, with an error below
1% for each element. ZAF matrix correction was employed
for quantification.

Magnetization measurements were done using a Quantum
Design Dynacool system equipped with a vibrating sam-
ple magnetometer. Four-probe resistivity measurements were
made using the electrical transport option in the same system
with the typical applied current j = 5 mA and frequency f =
9.15 Hz. Measurements of the longitudinal resistivity as a
function of magnetic field H, p,,(H ), and Hall measurements,
Pyx(H), were measured in a complete field-sweep loop with
four quadrants: quadrant I from H > 0 to H = 0, quadrant II
fromH = 0to H < 0, quadrant IIl from H < Oto H = 0, and
quadrant IV from H = 0 to H > 0. The subsequent measure-
ments were symmetrized or antisymmetrized, respectively. No
hysteresis was observed for any composition.

The electronic band structure was calculated based on den-
sity functional theory by using the code of the Vienna Ab initio
Simulation Package (VASP) [29] with projected augmented
wave potential. The exchange and correlation energies were
considered at the level of the generalized gradient approxima-
tion, following the Perdew-Burke-Ernzerhof parametrization
scheme [30]. The energy cutoff was set as 500 eV. The cal-
culations have dealt with f electrons as the valance states. To
calculate the surface state, we projected the Bloch wave func-
tions into maximally localized Wannier functions (MLWFs)
[31] derived from the Eu-5d, Eu-6s, Eu-6p, Ga-4s, Ga-4p, Al-
3s, and Al-3p orbitals. The tight-binding model Hamiltonian
was constructed from the MLWF overlap matrix. Based on
the tight-binding Hamiltonian, the surface state was consid-
ered under open boundary conditions with the half-infinite
two-dimensional model using the iterative Green’s function
method [32,33].

III. RESULTS AND DISCUSSION

Hall effect measurements have proven a powerful tool to
identify systems with large sources of Berry curvature 2y
[5,23,34-49]. Systems with nonzero $2x have an additional
term in the Hall conductivity o,, besides the normal-metal
component, and this is the anomalous Hall conductivity axAv
that depends on Ry as o7, = —(e*/h) [ d*kQ}/(27)* [48].
Berry curvature can either be generated via the Karpus-
Luttinger-type (KL) mechanism [50], first discussed in the
context of ferromagnets, or the scalar spin chirality (SSC)
[51-53] mechanism. In the former, spin-orbit coupling has
always been emphasized as a key ingredient while the deriva-
tion of the quantum Hall conductivity by Thouless et al. [54]
and subsequent interpretation of the nonquantized anomalous
Hall conductivity by Haldane [55] made clear the relationship
between reciprocal-space topology and the anomalous Hall
effect. In the latter, when the SSC defined as x;jx = S; - (S; x
Si) (where S; ;; are the spins of three adjacent sites in a
lattice) is nonzero, the real-space noncoplanar spin textures
act as sources of Berry curvature. In the literature the Hall
response contributed from the SSC-type mechanism is often
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FIG. 1. Magnetization M (red squares, left axis), resistivity oy, (gold triangles, inner right axis), and Hall resistivity p,, (blue circles, outer
right axis) as a function of magnetic field ;1oH measured with magnetic field H || ¢ at temperature 7 = 2.5 K for Eu(Ga,_,Al,),, (a) x = 0.15,
(b)x =0.24,(c) x =0.31,(d) x = 0.39, (e) x = 0.50, (f) x = 0.58, (g) x = 0.71, and (h) x = 0.90. The transport measurements are measured

with the current j || a. Phase boundaries are marked with a dashed line.

referred to as the topological Hall effect. Since topological
spin textures are noncoplanar, they should therefore exhibit a
topological Hall effect if they are metallic [5,39,56].

A. Topological Hall effect

Since both types of Hall effects are related to the mag-
netic properties, field-dependent magnetization data M for
Eu(Ga,_,Al,)4 (blue squares, Fig. 1) are compared with re-
sistivity measurements p,, (gold triangles) and Hall resistivity
Pyx (blue circles), measured at T = 2.5 K < Ty, with H || c,
and current j || a. Signatures of field-induced spin reorienta-
tion are clearly observed by anomalies in both M and p,,,
which are marked by the vertical dashed lines in Fig. 1.
Qualitatively, the behavior of p,, below the fields poH. where
M saturates can be grouped into two categories depending on
composition, as discussed below.

For 0.15 < x < 0.39 [Figs. 1(a)-1(d)], py, is concave
down below H, with no obvious discontinuities even though
there are clear magnetic transition features in both M and
pxx curves. For x = 0.15 [Fig. 1(a)], only one magnetic phase
transition is observed, which is similar to the behavior of the
end compound EuGay, where the field induces a magnetic
transition from the AFM ground state to the fully SP state
[57]. It is therefore unlikely for this composition to host
topological spin textures. For 0.24 < x < 0.39 [Figs. 1(b)—
1(d)], the magnetic field drives the system through multiple
magnetic phases, which are clearly captured in M and p,,, but
not very evident in the o, curves. The concave down feature
in py, for 0.15 < x < 0.39 [Figs. 1(a)-1(d)] is similar to that
observed in GdPtBi [35]. In theory, a band-structure-induced
anomalous Hall contribution that does not scale with M is
possible for certain noncollinear spin textures that break time-
reversal and lattice symmetries of a simple antiferromagnetic
state [35,58]. Future experiments to resolve the magnetic spin
textures together with theoretical analysis will be insightful

to understand the p,, in the magnetically ordered state for
compositions 0.15 < x < 0.39.

For 0.50 < x < 0.90 [Figs. 1(e)-1(h)], p,x shows discon-
tinuities corresponding to some of the magnetic transitions
that are also revealed in M and p,,. The discontinuity in p,,
suggests the existence of the THE, which is observed in many
well-established skyrmion-hosting materials, such as MnSi
[47,59], Gd,PdSi; [39], GdsRusAl;2 [56], and GdRu,Si,
[60]. Such a discontinuity is associated with the first-order
nature of the field-induced magnetic transition. Therefore it
is concluded that the Eu(Ga;_,Al,)s compounds with 0.5 <
x < 0.90 are promising candidates to host real-space topo-
logical spin textures. Next the THE for these compositions
is evaluated. The measured Hall resistivity py, for a metallic
magnet can have multiple contributions:

Pyx = RottoH + pfy + Apys. (1)

Here, the first term RyuoH is the normal Hall resistivity aris-
ing from the Lorentz force the charge carriers experience as
they traverse a perpendicular magnetic field uoH, where Ry
is the Hall coefficient. When the system has one dominant
carrier, the normal Hall effect is typically linear in field.

The second term ,ofx is the anomalous Hall resistivity
which scales with M. ,ofx can also have multiple con-
tributions; however, depending on the magnitude of the
conductivity oy, = pu/ (07, + P, ), One contribution usually
dominates. Empirically, for highly conductive systems, i.e.,
0 > 10% (Qcm) ™!, the anomalous Hall conductivity ol =
,ofx /(P2 + pyzx) is dominated by skew scattering and varies
linearly with oy, [48]. Assuming py, < Oy, ,ofx = SyM oy,
when skew scattering dominates, where Sy is the anomalous
Hall coefficient.

The so-called intrinsic regime, where the AHE is domi-
nated by the KL. mechanism [50], is empirically found to be
in the range 10* (Q2cm)™! < 0, < 10% (2 cm)~! [48]. In this

064436-3



JAIME M. MOYA et al.

PHYSICAL REVIEW B 108, 064436 (2023)

8
7.
—~ 6}
>’
w 5t
i
o
2 47
S 3 ;
, Eu(Ga,,Al),]
x=0.71
1 Hlle
0 } : t
11 (b) -
Hile
jlla

P (LQ €M)
©

toH (T)

0.25 T T . T
Fit to Eq. 4 (d)
Fitto Eq. 5
0.20
g 0.15¢
G
=4
5 0.10}
<
0.05 o
T=205K
0.00 : ,
= e 25Ke 105K
0.010 e 35Ke 115K/
e 45Ke 125K
—~ 0.008 e 55Ke 135K/
£ e B5Ke 145K
O 0.006 e 75Ke 155K]
G e 85K° 165K
= 0.004 o 95K° 17.5K]
x 185K
19.5K |
% 0.002 mzoﬁ K7
0.000 = e - <
S -
-0.002 e \
0.012 : ,
0.010 (U
—~ 0.008 J
LE) 0.006 J
% 0.004 J
%’i 0.002 ]
0.000 “,, >~
V’ -
10,002 N 4 “ﬁ
-0.004 1 ) A :
3 4 5
HoH (T)

FIG. 2. Topological Hall effect for Eu(Ga,_,Al,)s with x = 0.71. (a) Isothermal magnetization M, (b) longitudinal resistivity p,,, and
(c) Hall resistivity p,, measured as a function of magnetic field poH with field H || ¢ at temperatures 2.5 K < T < 20.5 K. Transport
measurements are measured with current j || a. (d) p,, at T = 2.5 K (blue circles) and T = 20.5 K (yellow circles) with fits to Eq. (4) (cyan
lines) and Eq. (5) (pink lines). (e) and (f) The difference, Ap,., between p,, and fits to Eq. (4) and Eq. (5), respectively.

regime, a;‘y is roughly independent of o,,, or afy ~ constant
(48] and pj) =SyMp;, [41]. In the bad-metal regime,
o < 10* (Qcem)™, o oo, where n~ 1.6 [48,61]. All
samples studied in this work display large conductivities
[04 > 10* (€2 cm)~!]; therefore the remainder of this paper
is concerned with the highly conductive and intrinsic regimes.

The third term in Eq. (1), A py,, is the THE and is due to the
nonzero SSC generated by noncoplanar spin textures. Such
a contribution has been observed in both trivial noncoplanar
spin textures [62,63], as well as topological spin textures
[5,39,47,56].

To parse out the different contributions to the Hall ef-
fect in Eu(Ga,_,Al, )4, two different methods are used. The
first method is valid when p,, < px and assumes a single

dominant carrier type. This method is applicable where both

topological Hall and anomalous Hall contributions to py, are
expected, and when o, (H > H,) is linear. Here, Eq. (1) can
be written as

Pyx = RopoH + Sy pexM + Apy,, 2

assuming skew scattering as the dominant scattering mecha-
nism, or

Pyx = R()/L()H + S}'ijxM + A,ny, (3)

assuming the intrinsic KL-type scattering mechanism [48].
For fields greater than poH,, A py, is necessarily zero since
all spins are aligned in the SP state, and Eqgs. (2) and (3)

become
Pyx PuM

=Ry + Sy
woH moH

“
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FIG. 3. (a) The Hall resistivity p,, measured with magnetic field
H || ¢ and current j || a for fields 0 T < uoH < 6 T and tempera-
tures 2.5 K < T < 20.5K for Eu(Ga;_,Al,)4, x = 0.90. (b) p,, at
T = 2.5 K (blue symbols) and p,, at T = 20.5 K (yellow symbols)
scaled to the high-field regime of the 7 = 2.5 K data. (c) The differ-
ence between the lower-temperature py, and scaled T = 20.5 K data,
Apy, for 25 K < T < 19.5K.

and

, oM

Pyx
—— =Ro+S ,
" uoH

woH

&)

respectively. Ry and Sy or S, can thus be extracted as the
intercept and slope of the corresponding line generated by

plotting py./poH Vs puM/poH or vs p2M/uoH. Apy, is
then estimated below poH, as the difference

Apys = pyx = RoptoH = pf. ©6)

This analysis is demonstrated in Fig. 2 for Eu(Ga,_,Al, )4
with x = 0.71, where the temperature dependence of M (H),
pxx(H), and p,(H) is shown for H || ¢ and j || a [panels
(a)—(c)]. Fits of p,(H)at T =2.5K (blue) and T = 20.5 K
(yellow) to Eq. (4) (cyan line) and Eq. (5) (pink line) are
presented in Fig. 2(d). For T = 2.5 K, both equations cap-
ture the behavior of p,(H) for H > H., while for H < H,,
there are clear deviations of the measured p,,(H) compared
to the fits, indicating an additional contribution Ap,,. When
T =20.5 K, both equations capture all features of py,(H)
such that Apy, = 0.

The temperature and field dependence of A p,, obtained af-
ter subtracting the normal and anomalous contributions from
the measured py, [Eq. (6)] are shown in Figs. 2(e) and 2(f)
evaluated from fits to Eqgs. (4) and (5), respectively. Quali-
tatively, both methods for estimating Ap,, result in similar
temperature and field dependencies. However, Eq. (5) does
a slightly better job of minimizing Ap,,, consistent with
Ref. [27]. A similar analysis was done for Eu(Ga,_,Al,)4 for
x = 0.50 and 0.58 (shown in the Supplemental Material [64]).

This method works for x = 0.50, 0.58, and 0.71. However,
a different method needs to be used to evaluate the THE for
x = 0.90 because p,, above poH. shows a nonlinear field
dependence (Fig. 3) for this composition, which requires a
multiband description for the normal Hall effect, instead of
a single-band analysis.

To extract Ap,, for Eu(Ga;_,Al,)4 with x = 0.90, we fol-
low the procedure done in Ref. [35]. Assuming there is only a
weak temperature dependence of Ry and ,o;‘x, the scaled oy,
above Ty is used to extract the THE at low temperatures.
Here, the T = 20.5 K (20.5 K > Ty) data are scaled to the
lower-temperature data, such that the high-field data collapse
onto each other. Figure 3(b) shows this analysis where the
T =20.5K py, data (yellow) have been scaled to the T =
2.5 K py, data (blue). Ap,, shown in Fig. 3(c) for all mea-
sured T is obtained by subtracting the scaled high temperature
from the lower-temperature data, showing a clear THE. Such
treatment precludes the analysis of ,ofx.

As a result of this analysis, a contour map of Ap,, is
produced, shown in Figs. 4(a)-4(d) for Eu(Ga,_,Al,)s with
x = 0.50, 0.58, 0.71, and 0.90. The H-T phase diagrams de-
termined from isothermal magnetization (blue squares) and
temperature-dependent magnetic susceptibility measurements
(purple hexagons) [17,27] are shown together with the contour
plots.

Overall, nonzero Ap,, can be observed in certain phase
regions for all four compositions. For x = 0.5 [Fig. 4(a)], both
the H-T phase diagram and Ap,, map are consistent with
previous results [27]. Here, the AFM1 phase for H = 0 was
determined to be a spin-density wave state with the magnetic
moments perpendicular to the magnetic propagation vector
Gmag along the crystallographic a axis [65]. The ground state,
AFM3, was determined to be a cycloidal state again with gyae
along the crystallographic a axis, but with moments rotating
in the ab plane [65]. The phase AFM2 that separates AFM1
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FIG. 4. Magnetic field—temperature (H-T) phase diagrams with magnetic field H || ¢ for Eu(Ga,_,Al, )4, (a) x = 0.50, (b) x = 0.58, (¢) x =
0.71, and (d) x = 0.90. Blue squares are determined from maxima in dM /dH while purple hexagons are determined from d(MT)/dT. The
color of the contour maps corresponds to the contribution to the topological Hall resistivity A p,.

and AFM3 on cooling was determined to have mixed mag-
netic propagation vectors. With the application of magnetic
field H || ¢, AFM3 and AFMI are separated by the interme-
diate field phase (A phase), where Ap,, is centered around,
indicative of a topological spin texture or a more generic
non-coplanar spin texture.

For Eu(Ga,_,Al;)s with x=0.58, 0.71, and 0.90
[Figs. 4(b)-4(d)], the maximum THE appears in the regions
I, II, and II, respectively. We note that, for compositions
x =0.50, 0.58, 0.71, there is a double-peak feature in the
signal Supplemental Material [64], and Figs. 2(e) and 2(f)
that follows the phase boundaries. One explanation is that
two different noncoplanar spin textures exist in these systems,
as was also the case in EuAly [22]. Another possibility is
phase coexistence coming from two neighboring first-order
transitions. Indeed, in Gd;RuyAl;, the THE has a double-peak
feature, with the maxima on the phase boundaries where the
skyrmion lattice is stabilized [56]. Further magnetic scatter-
ing experiments will be needed to elucidate such details in
Eu(Ga,_,Al,),.

20
1.8

1.6
1.4

Eu(Ga,_Al),

T(K)

FIG. 5. Magnetic field—temperature phase diagram of EuAly
[Eu(Ga,_,Al,)s, x = 1] for H || c. The phase boundaries are deter-
mined by maxima in dM /dH (blue squares) and d(MT)/dT (purple
hexagons).

Next, we focus on Eu(Ga,_,Al,)s with x = 0.9, the com-
pound closest in composition to the confirmed skyrmion
host EuAly [22]. Despite the existence of the THE in both
compounds (the THE in EuAly; was reported in Ref. [23]),
the phase diagrams are strikingly different. For comparison,

24

Eu(Ga,,Al)
x = 0.90

2.2

20
1.8

T=25K

Hllc
0.2 jlla 1
00 1 1 1
0O 2 4 6 8 10 12 14
HoH (T)

FIG. 6. Magnetic field dependence of the Hall resistivity p,
(blue symbols) for Eu(Ga,_,Al,)s (x = 0.15, 0.24, 0.31, 0.39, 0.50,
0.58, 0.71, 0.90) measured at 7 = 2.5 K with H || ¢ and j || a for
0T < puoH < 14 T. Data are offset such that p, (H = 0) = 0. Pink
lines are fits to Eq. (5) in the field-polarized state up to uoH =9 T,
the highest field we are able to measure magnetization. The gray lines
are linear extrapolations of the pink lines.
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FIG. 7. The anomalous Hall conductivity o plotted as a func-
tion of longitudinal conductivity o,, for Eu(Gavl,xAlX)4, x =0.24,
0.31, 0.39, 0.50, 0.58, and 0.71, extracted from the field-polarized
regime (uoH = 9 T) at temperature 7 = 2.5 K with fits to Eq. (5)
(large, closed symbols) compared to other metallic magnets (small,
open symbols) taken from Refs. [35-37,74-76].

the H-T phase diagram (H || ¢) determined by magnetiza-
tion measurements for EuAly is presented in Fig. 5 which is
consistent with previous reports [22]. EuAly possesses four
different magnetically ordered phases on zero-field cooling,
labeled IV, VI, V, and I in Fig. 5. This is in contrast to
Eu(Ga,_,Al,;)s with x = 0.9, which only has two phases be-
low Ty, labeled I and Il in Fig. 4(d). Also, with the application
of magnetic field H || c, the zero-field phases in EuAly (Fig. 5)
are separated by two additional phases, phases II (rhombic
skyrmion lattice) and III (square skyrmion lattice) [22], com-
pared to only one intermediate field state in Eu(Ga;_,Al,)q,
x = 0.9 [phase II in Fig. 4(d)] where the THE reaches a max-
imum. The different H-T phase diagrams reflect the ability
to fine-tune the magnetic interactions in the two compounds

>

FIG. 8. The electronic structure calculated along certain high-
symmetry lines for Eu(Ga,_,Al,)s, x = 0.5, corresponding to the
ordered structure EuGa,Al,, in the paramagnetic state. The yellow
and magenta lines mark out the bands that form a Dirac point. The
red dashed line indicates the Fermi level determined by the ARPES
experiments [77].

using chemical substitution, possibly favoring one type of
skyrmion lattice over the other.

The Dzyaloshinskii-Moriya (DM) interaction [66,67] has
been emphasized as a key ingredient in stabilizing topolog-
ical spin textures in noncentrosymmetric crystals. However,
the Eu(Ga,_,Al,)s crystal structure is centrosymmetric and
therefore DM interactions should be absent [5]. Instead,
recent theoretical studies [19,68—70] suggested that the inter-
play between the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction [71-73] and the four-spin interaction could sta-
bilize topological spin-textures in metallic centrosymmetric
magnets. In these theories [19,68-70], the RKKY interac-
tion stabilizes gm,, set by the Fermi surface nesting vector,
while the four-spin interaction, which depends on the in-
plane bond-dependent anisotropy and easy-axis anisotropy,
increases the propensity towards multi-g order. Being able to
tune these interactions in centrosymmetric compounds offers
the opportunity for tunable topological spin textures, which is
in contrast to their noncentrosymmetric counterparts, where
the type of topological spin texture is set by the crystalline
symmetry [5]. Future experimental and theoretical works on
Eu(Ga,_,Al,)s will elucidate the influence of chemical sub-
stitution on these tuning parameters, which may, in turn,
enable targeted engineering of topological spin textures.

B. Anomalous Hall effect (AHE)

We now turn to the AHE in the SP state above H,. (where
M is fully saturated at T = 2.5 K). Extended measurements of
Pyx(H), prx(H), and M (H) up to uoH = 9 T are shown in the
Supplemental Material [64]. Equation (5) is used to extract the

anomalous Hall resistivity as ,o;‘x = S;ip%f. Such an analysis
is valid only for the single-band Hall effect so the analysis is
restricted to Eu(Ga,_,Al,)s with 0.24 < x < 0.71. Fits to the
T = 2.5 K data are shown in Fig. 6 as pink lines for puoH, <
moH < 9 T. Next, P;; is converted to anomalous Hall conduc-
tivity o, using the tensor relation o, = pf\/(07, + p3,)- In
Fig. 7, a;‘y(pLOH =9T, T =2.5K) is plotted for each com-
position compared to o (H = 0,T = 2.5 K), which serves
as a measure of disorder and naturally varies with x.

For x =0.24, 0.31, 0.39, and 0.71, o;‘v is nearly inde-
pendent of o,,, consistent with the intrinsic KL mechanism.
The resulting o}, = 600-1000 (€2cm)~" is also comparable
with the theoretical limit of 10> ~ 10° (2 cm)~! when va
is generated by reciprocal space Berry curvature [40]. The
compounds with x = 0.50 and 0.58 are much more con-
ductive, entering the regime where a)f‘v is dominated by the
skew-scattering mechanism. For these compositions, a)év in-
creases with increasing o, which appears to be in line with
the skew scattering mechanism. However, the Hall angle
Oy = tan~! (0 /o,.) of typical metals where skew scattering
dominates is uéually less than 1% [40]. ®y measured for
Eu(Ga,_,Al,)s with x = 0.50 is ~7% indicating that another
mechanism (possibly intrinsic KL) is also contributing to the
large oA, a consequence of reciprocal-space Berry curvature.

The temperature dependence of af‘, is often used to dis-
tinguish between the intrinsic and extrinsic mechanisms of
the AHE [48]. Ufy is expected to be nearly temperature inde-
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pendent (dependent) in the intrinsic (extrinsic) regime. Such
an analysis is only reliable when the coefficient R, (i.e., the
carrier concentration) is temperature independent [41]. For
Eu(Ga,_,Al,)s, we find Ry is temperature dependent, and
therefore such an analysis is inconclusive.

First-principles calculations are used to further study the
topological electronic structure, which is the origin of the
reciprocal-space Berry curvature for the Eu(Ga,_,Al,)s se-
ries. The band structure of EuGa;Al, in the paramagnetic state
obtained by density functional theory (DFT) calculations is
presented in Fig. 8, which shows a Dirac point along the I'-Z
path. The Dirac point is protected by the fourfold rotational
symmetry with respect to the z axis in this tetragonal system:
the two bands highlighted with magenta and yellow lines have
different irreducible representations of the C4, point group
and cross each other along I'-Z without opening a gap when
spin-orbit coupling is considered. Note that this type of Dirac
crossing is sometimes also called semi-Dirac or anisotropic
Dirac crossing because the band dispersion is linear along
one axis (k;), while being quadratic along other axes (k, and
ky). Such a crossing has been discussed in the study on the
nonmagnetic isostructural analog BaAl, [78]. However, the
Dirac crossing is located ~0.4 eV above the Fermi level in
BaA14.

The existence of the Dirac point in EuGa,Al, is verified
by ARPES measurements [77]. In the Brillouin zone (BZ) Z
plane, there is a hole band (yellow dashed line) and an electron
band (magenta dashed line) which intersect each other around
the BZ center. The ARPES measurements [77] agree well with
the DFT calculations and confirm the existence of the Dirac
point along the I'-Z path. More importantly, the Dirac point
in EuGa;Al, is found to be located close to the Fermi level
by angle-resolved photoemission spectroscopy measurements
[77], in contrast to the case of BaAl, [78]. In the SP state, the
spin degeneracy of the bands will be lifted, which could lead
to the formation of Weyl points. The mechanism is similar
to that of GdPtBi [79-81], where the gapless quadratic band
touching in the electronic structure sets the stage for the field-
induced Weyl physics and the AHE.

Finally, it is noted that the energy of the Dirac point in
the Eu(Ga,;_,Al,)s series may slightly vary as the Al/Ga
ratio changes. In EuGay, for example, the Dirac point was
determined to be above the Fermi level [18] in contrast to
EuGa;Al,. Possible reasons for the changing Fermi surface,
which affect both the transport and magnetic properties in
Eu(Ga,_,Al,)4, include chemical doping, chemical pressure,
or disorder, which are inherent to chemical substitution. Since
Ga and Al are isovalent, chemical doping is not likely. In
Eu(Ga,_,Al,)s, chemical pressure would be expected with
Al-Ga substitution, since the Ga atomic radius rg, is 15%—
20% larger than r4; [82]. However, the lattice parameters
of the end compounds in this series EuAly and EuGa, are
virtually identical [17], which suggests very little unit cell

variation across the series. On the other hand, a change in
the in-plane lattice spacing a with x in Eu(Ga,_,Al,)s has
been reported [17], which indicates a minimum in @ and unit
cell volume at the ordered composition x = 0.5. Even with
this nonmonotonic change, the overall variation in unit cell
volume is only ~6%.

The disorder effects are comparable across all doped sam-
ples since their absolute p(7") and residual resistivity ratios
RRR are comparable [17], while the disorder effects are mini-
mized near the ordered compositions. Overall, the variation of
transport and magnetic properties observed in Eu(Ga;_,Al, )4
can be interpreted as a convolution of chemical pressure and
disorder.

IV. CONCLUSIONS

In conclusion, magnetotransport measurements on
Eu(Ga,_,Al,)s single crystals with 0.15 < x < 0.9 reveal
evidence of a THE for x > 0.5, pointing to the existence
of noncoplanar spin textures. For intermediate composition
0.24 < x < 0.39, the Hall resistivity varies smoothly with
magnetic field, although multiple magnetic ordered phases
are clearly revealed in the isothermal magnetization and
longitudinal resistivity measurements. Our measurements
suggest a weak THE contribution, if any of the phase regimes
host topological spin textures. At the lowest doping x = 0.15,
only one magnetic ordered phase can be observed before
reaching the SP state, similar to the end compound EuGay.
Therefore, no topological spin texture is expected. In the
SP state, evidence of a large AHE in Eu(Ga;_,Al,)s is
found, which is attributed to the appearance of Weyl nodes,
generated after spin splitting of a Dirac point. The existence
of the Dirac point near the Fermi level in the paramagnetic
state in EuGa,Al, is confirmed by DFT calculations which
has been verified by ARPES measurements. Therefore
Eu(Ga,_,Al)4 for x > 0.5 is established as a rare platform to
study the field-tunable phenomena associated with reciprocal-
and real-space topology.
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