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Stripe helical magnetism and two regimes of anomalous Hall effect in NdAlGe
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We report the magnetic and electronic transport properties of the inversion and time-reversal symmetry
breaking Weyl semimetal NdAlGe. This material is analogous to NdAlSi, whose helical magnetism presents
a rare example of a Weyl-mediated collective phenomenon, but with a larger spin-orbit coupling. Our neutron
diffraction experiments revealed that NdAlGe, similar to NdAISi, supports an incommensurate spin density wave
(Tine = 6.8 K) whose spins are predominantly pointing along the out-of-plane direction and have a small helical
spin canting of 3°. The spin density wave has a long wavelength of ~35 nm and transitions to a commensurate
ferrimagnetic state below Tiom = 5.1 K. Using small-angle neutron scattering, we showed that the zero-field
cooled ferrimagnetic domains form stripes in real space with characteristic length scales of 18 and 72 nm parallel
and perpendicular to the [110] direction, respectively. Interestingly, for the transport properties, NdA1Si does not
exhibit an anomalous Hall effect (AHE) that is commonly observed in magnetic Weyl semimetals. In contrast to
NdAISi, we identify two different AHE regimes in NdAlGe that are, respectively, governed by intrinsic Berry
curvature and extrinsic disorders/spin fluctuations. Our paper suggests that Weyl-mediated magnetism prevails
in this group of noncentrosymmetric magnetic Weyl semimetals NdA1X, but transport properties including AHE
are affected by material-specific extrinsic effects such as disorders, despite the presence of prominent Berry

curvature.
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I. INTRODUCTION

To establish a Weyl semimetal phase, one needs to break
either inversion or time-reversal symmetry to split Weyl
nodes of opposite chirality, which may then lead to inter-
esting topological properties [1,2]. Both routes have been
explored through candidate materials that break either the
inversion symmetry, such as the noncentrosymmetric TaAs
[3-7], or time-reversal symmetry, such as the ferromagnetic
(FM) Co3Sn,S; [8,9]. Weyl semimetals that break both inver-
sion and time-reversal symmetries remain largely unexplored,
despite theoretical predictions of Weyl-mediated interactions
with rich phase diagrams and topological magnetic tex-
tures [10-14]. For instance, in the RAIX (R = rare earths,
X = Ge/Si) material family of double-symmetry-breaking
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Weyl semimetals [15-17], a variety of rich magnetic orders
have been found. These include collinear FM order [17-20]
and noncollinear FM order [21-23], both of which are rel-
atively common. More unusual spin structures were also
observed such as a topological multi-k structure in CeAlGe
[24], a spiral order in SmAISi [25], and a helical incommen-
surate spin density wave (SDW) in NdAISi [26]. In particular,
for NdAISi, its helical magnetism was shown to be sta-
bilized by bond-oriented Dzyaloshinskii-Moriya interaction
predicted to arise from Weyl-mediated Ruderman-Kittel-
Kasuya-Yosida (RKKY) coupling, owing to the presence of
itinerant Weyl electrons, local magnetic moments, and broken
inversion symmetry [14,26].

Despite the comprehensive characterization of Weyl-
mediated magnetism in NdAISi [26] and some studies on
NdAIGe [27], their transport properties such as anomalous
Hall effect (AHE) remain unexplored. AHE has been exten-
sively investigated in FM Weyl semimetals where the intrinsic
Berry curvature may contribute to pronounced AHE [8,9,28],
but recently it has been shown that Berry curvature is not
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always the dominant source of AHE in FM Weyl semimetals,
and extrinsic disorders can also play a major role [20]. With
a chiral magnetism established in NdA1Si, NdALX provides a
unique system to study AHE in helimagnetic Weyl semimet-
als. In this paper, we aim to first establish the magnetic
structure of NdAlGe, which is not obvious (not necessarily the
same as NdAISi) considering the behavior in other materials
in the RAIX family [20,21,29,30], and study the AHE of
NdAILX with a focus on NdAIGe to understand the interplay
among topology, magnetism, and electrical transport.

We investigate the magnetism and electrical transport of
NdAIGe with superconducting quantum interference device
magnetometry, heat capacity measurements, neutron scat-
tering experiments, resistivity measurements, and density
functional theory (DFT) calculations. Similar to NdAIS;,
we found a high temperature (5.1 < T < 6.8K) helical in-
commensurate SDW in NdAIGe characterized by a multi-k
structure with ordering vectors Kapmy = (2/3 4+ 8(7),2/3 +
8(T),0), kapvz = (1/3 = 8(T), 1/3 = &(T), 0), and kpy =
(38(T), 35(T), 0), which evolves to a commensurate (§ = 0)
helical ferrimagnetic state at low temperatures (7 < 5.1 K).
In this state, the small-angle neutron scattering (SANS) can
be modeled by an anisotropic Lorentzian-squared function,
which signifies stripes of ferrimagnetic domains with real
space characteristic length scales of 18(5) and 72(8) nm par-
allel and perpendicular to the [110] ordering vector direction,
respectively. Surprisingly, we found AHE responses as Hall
resistivity plateaus under a magnetic field in NdAlGe but not
in NdAISi, despite that both materials show clear plateaus in
their magnetization. Furthermore, as the field increases, the
AHE in NdAIGe shows a transition from intrinsic AHE in
the ferrimagnetic phase to an extrinsic AHE in the polarized
FM phase. Finally, we calculate the electronic band structure,
Weyl nodes, and Fermi surface of NdAlGe. We also calculated
the anomalous Hall conductivity of NdAlGe, which shows a
reasonable agreement with the observed intrinsic AHE. Our
findings of helical magnetism and two regimes of AHE in
NdAIGe suggest that Weyl-mediated magnetism is robust in
these materials provided that the itinerant Weyl electrons and
nesting Fermi pockets are intact, while AHE can be largely
modified by extrinsic disorders and spin fluctuations despite
significant intrinsic Berry curvature.

II. METHODS

Single crystals of NdAIGe and NdAISi were grown by a
self-flux method. The starting materials are elemental chunks
of Nd, Al, and Ge, weighed in a ratio of Nd:Al:Ge =1:10:1
or 1:15:1, and mixed in an alumina crucible. Single crystals
made with a 1:10:1 recipe were used in this paper unless
specified. NdAISi single crystals were grown with the 1:10:1
ratio. The crucibles were sealed in an evacuated quartz tube,
heated up to 1050°C at 3°C/min, dwelt for 12 h, cooled
down to 700°C at 0.1 °C/min, and dwelt for another 12 h.
After the heating sequence, the tube was centrifuged to re-
move the excess Al flux. Platelike single crystals were found
isolated and attached to the bottom of crucibles. Powder x-
ray-diffraction (PXRD) measurement was performed with a
Bruker D8 ECO instrument with a copper x-ray source (Cu
Ka) and a one-dimensional (1D) LINXEYE-XE detector at

room temperature. Rietveld refinement on the PXRD patterns
was performed using the FULLPROF suite [31]. The elemental
analysis of NdAlSi/Ge was determined by energy dispersive
x-ray spectroscopy (EDX), carried out with FEI Scios, op-
erated at an acceleration voltage of 20 kV and a current of
0.4 nA.

Electrical resistivity and heat capacity were measured in a
Quantum Design physical property measurement system Dy-
nacool with the standard four-probe technique and relaxation
time method, respectively. DC magnetization experiments
were performed on the vibrating sample magnetometer in a
Quantum Design MPMS3.

We performed neutron diffraction using both the HB-1A
thermal triple-axis spectrometer at ORNL and the cold triple-
axis spectrometer SPINS at NIST. The [H, H, L] scattering
plane of NdAlGe was probed for both experiments at a base
temperature of ~1.5 K. We used 14.5 meV incident neutrons
filtered with pyrolytic graphite on HB-1A. For SPINS, we
used 3.7-meV incident neutrons with cooled Be filters em-
ployed both before and after the sample.

The HFIR GP-SANS instrument was utilized to probe
the SANS of NdAlIGe with a base temperature of ~2K.
Two SANS configurations were used: (1) uncollimated 12-A
incident neutrons were used with the scattered neutrons de-
tected at a distance of 19 m away from the sample, and (2)
4.75-A neutrons collimated by three guides were incident
to the sample and detected at a distance of 8 m from it. A
circular aperture with a diameter of 8 mm was placed at the
sample position. A flat-plate sample was aligned such that
the [001] axis is parallel to the neutron beam. SANS patterns
were collected using an 11-T horizontal magnet applied both
parallel (H || [001]) and perpendicular (H || [110]) to the in-
cident neutron beam. Error bars associated with all neutron
diffraction intensities reported in this paper correspond to one
standard deviation.

We performed electronic structure calculations within
the framework of DFT based on the projected augmented
wave method as implemented in VASP [32-34]. Generalized
gradient approximation (GGA) [35] was used to include
exchange-correlation effects and spin-orbit coupling was
added self-consistently. We added an on-site Coulomb in-
teraction with U = 8 eV for the Nd f electrons within
the GGA+U scheme [36,37] to include strong electron-
correlation effects. We considered the kinetic energy cutoff
of 450 eV for the plane-wave basis set and used I'-centered
11x11x11 k mesh [38] for bulk Brillouin zone sampling.
The tolerance of the electronic energy minimization was set
to 107 eV. We generated a material-specific tight-binding
Hamiltonian using the VASP2WANNIERIO interface [39]. We
included Nd d and f, Al s and p, and Ge s and p orbitals
in construction of the Wannier functions. The topological
properties were calculated using the WANNIERTOOLS package
[40].

III. RESULTS

Table I summarizes the main properties studied in this
paper, including helical magnetism and anomalous Hall effect.
When comparing NdAlGe and NdAISi together, we find that
their magnetic properties are similar to each other, but their
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TABLE 1. Summary of magnetic and transport properties of
NdAISi and NdAIGe, including the onset of incommensurate order
(Tine) and commensurate order (7¢on), saturated moment Mg, resid-
ual resistivity ratio [RRR, defined as p(300 K)/p(2 K)], single-band
carrier concentration (n,; in both materials the hole is the dominant
carrier) and mobility (), and anomalous Hall effect.

NdAIGe NdAISi [26]

Tine 6.82) K 72K
Teom 5.1(1) K 33K
Mg at2K,6T 2.8(1) us 2.9 up
RRR 2.0(1) 6.0
ny at2K 1.06x10%' cm™3 6.66x 10" cm™3?
wyat2 K 134 cm?>V—!s~! 11008 cm?>V~'s~!a
AHE DUU state: intrinsic No clear Hall

FM state: extrinsic resistivity plateau®
2See Appendix C.
®See Appendix E.

transport properties are quite different. Incommensurate and
commensurate magnetic orders are found in both materials at
close temperatures, and their refined spin structures are also
similar to each other [26]. However, when it comes down to
the transport properties, the residual resistivity ratio (RRR)
of NdAIGe is three times smaller than that of NdAlSi, which
suggests a higher disorder level in NdAlGe. The lower RRR
in NdAIGe is also manifested in the single-band analysis,
which shows a higher hole concentration but a much lower
hole mobility compared to NdAISi [41]. As we will see, in
spite of similar Fermi surfaces, quantum oscillations are not
observed in NdAIGe, but are pronounced in NdAISi [26] at
the same temperatures and magnetic fields; this distinction
also suggests a shorter mean free path and lower mobility
in NdAIGe. More interestingly, both intrinsic and extrinsic
AHE were observed in NdAIGe as magnetic field increases,
but no clear sign of AHE was found in NdAISi. In the fol-
lowing sections, we will present and interpret the structural,
magnetic, and electrical transport properties of NdAlGe in
detail.

A. Crystal structure and disorder in NdAlGe

The inset of Fig. 1 shows the crystal structure of NdAIGe,
which belongs to the same /4,md space group as the archety-
pal Weyl semimetal TaAs [3—6]. The combination of the
noncentrosymmetric crystal structure and the collective mag-
netism hosted by Nd** f orbitals at low temperatures makes
NdAIGe a double-symmetry-breaking Weyl semimetal [15].
Based on previous second harmonic generation experiments
across different RAIX compounds, it is now clear that the
RAIX material family resides in the noncentrosymmetric
space group /4ymd [20,21,25,26]. We will then use the 74;md
space group as our starting point for the nuclear structure
refinement of NdAIGe.

Another important point is the stoichiometry of RAIX sin-
gle crystals that may vary depending on the growth methods.
In terms of the growth methods, it has been shown that single
crystals grown by a floating-zone furnace typically have a
stoichiometric ratio much closer to 1:1:1 compared to those
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FIG. 1. Powder x-ray-diffraction pattern and Rietveld refinement

of NdAlGe. The occupancy of each atom was refined. The crystal
structure of NdAIGe is presented in the top right inset.

grown by flux methods, which tend to be Al rich and have
vacancies on the Ge/Si sites [30]. Furthermore, current lit-
erature seems to suggest the Ge variant is more prone to
off-stoichiometry as compared to their Si analog. For exam-
ple, CeAlSi crystals grown by the flux method show little
deviation from a 1:1:1 stoichiometric ratio [21]; however, for
CeAlGe, the crystals grown by the flux method are predomi-
nantly Al rich and have significant vacancies on the Ge sites,
while those synthesized with a floating-zone growth show a
stoichiometric ratio close to 1:1:1 [30].

Considering RAIGe grown by flux methods are prone
to be Al rich, we have performed EDX measurements to
confirm the stoichiometry in our NdAIX crystals grown by
flux method (Table II). Our measurements show that NdAlSi
crystals are close to a 1:1:1 stoichiometry, while NdAIGe
crystals are predominantly Al rich and show larger variations
in the stoichiometry. We also refined the atomic occupancy for
both materials by Rietveld refinement, and the results show a
similar trend (see Appendix A). Our characterizations are con-
sistent and suggest that, compared to NdAlSi, the flux-grown
NdAIGe crystals show variation in their atomic compositions
and have a higher level of disorder.

B. Resistivity, magnetic susceptibility, and heat capacity

Figures 2(a) and 2(b) show a typical resistivity (o) curve
obtained for our NdAlGe crystals at T = 2-300 and 2-10K,
respectively. From the magnitude of p,, at T = 300 and 2 K,
we calculate the residual resistivity ratio RRR = % to
be 1.9, much lower than the RRR of NdAISi, which is 6.0

TABLE II. EDX measurements of NdAISi and NdAIGe. The
occupancy was normalized by that of Al. The uncertainty was de-
fined by the standard deviation of all measurements, which were
taken from two or three different regions of several crystals for each
material.

NdAISi Occupancy NdAIGe Occupancy
Nd 0.99 £ 0.01 Nd 0.94 £ 0.04
Al 1 £0.01 Al 1£0.07
Si 0.99 £ 0.01 Ge 0.93 £0.04
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FIG. 2. (a), (b) Resistivity as a function of temperature, plotted
from 0 to 300 K and O to 10 K, respectively. T.om = 5.1K and
Tine = 6.8 K, respectively, indicate the transition temperature of the
commensurate and incommensurate orders. (c) Ratio of magnetic
susceptibility, which was measured with field H = 100 Oe along the
¢ axis (x.), to that measured with the same field along the a axis
(x4)- Both x. and x, are measured after cooling down to 2 K in zero
magnetic field (ZFC). 1/x, is also plotted in the same panel, and
the black line shows the result of a Curie-Weiss fit to the data above
150 K. The inset shows the magnetization of NdAlGe measured at
T = 2K with the magnetic field applied along the c axis (M,) and a
axis (M,). (d) x. measured while the sample is cooled under field
H =100 Oe (FC) and x. measured under ZFC. (e) Temperature
dependence of the magnetic heat capacity C;* of NdAlGe, and
the error bars account for the mass uncertainty (4%) of the sample.
The inset shows the magnetic entropy Spm,, and the shaded area
represents the uncertainty. C,*¢ was obtained by subtracting the heat
capacity of LaAlGe from the heat capacity of NdAlGe. The dashed
black line in the main panel is the predicted “Schottky-like” C*
anomaly calculated assuming that the (2J + 1) spin-orbit levels of
Nd** (J = 9/2) are split by crystal electric field effects into a doublet
ground state, three excited doublets at 4 meV, and another excited
doublet at 9 meV. (f) The total heat capacity below 7" = 10 K.

(see Appendix C). A lower RRR usually suggests the disorder
level is higher so that the resistivity is anchored at a higher
value near zero temperature. We attribute the lower RRR for
NdAIGe to its off-stoichiometry characterized in the previous
section.

We measured the magnetic susceptibility of NdAIGe ()
with a magnetic field applied along the ¢ axis () and the a
axis (x,). The ratio x./x, is plotted as a solid line in Fig. 2(c)
(left y axis), while 1/ x. is plotted as squares in the same plot
(right y axis). We also plotted the temperature dependence of

X in Fig. 2(d). At high temperatures, the magnetic suscepti-
bility shows isotropic paramagnetic spins with a Curie-Weiss
temperature of 18.0(7) K and an effective magnetic moment
of 3.5(2) pp. Upon cooling, similar to NdAISi [26], an out-of-
plane anisotropy gradually develops such that the ratio x./x,
reaches as high as 80 at 7 = 2 K. The out-of-plane anisotropy
is also visible in the low temperature in-field magnetization of
NdAIGe [inset of Fig. 2(c)] where the magnetization along the
¢ axis reaches saturation near 3 T at a value of 2.8(1)up/Nd,
while the magnetization along the a axis is still unsaturated
and weak at 6 T.

The main panel of Fig. 2(e) shows the magnetic con-
tribution of the heat capacity C,™* of NdAlGe, which was
obtained by subtracting the heat capacity of the nonmagnetic
analog compound LaAlGe (see Appendix B). A magnetic
Schottky-like anomaly centered at 18(1) K is visible in C, %
Consistent with the magnetic entropy [inset of Fig. 2(e)], thlS
high temperature anomaly can be reproduced with an Nd**
single-ion energy scheme composed of a doublet ground state
separated by four excited doublets between 3 and 9 meV. At
lower temperatures, C, ¢ shows two additional anomalies at
Teom = 5.1(1) K and T;,c = 6.8(2) K, which originate from
the collective magnetism of the Nd** moments [Fig. 2(f)].
The presence of two anomalies is also observed in NdAISi
where the phase transition at T;,. signifies the onset of an
incommensurate modulated spin density wave that transitions
into a commensurate ferrimagnetic state below Tiop,.

The incommensurate and commensurate magnetic phase
transitions in NdAISi were both observed to impact its electric
transport and bulk thermodynamic properties. More specifi-
cally, the onset of the commensurate order in NdAISi can be
seen as discontinuity occurring at Teom in 0 (T), x(T), and
C,(T). For the incommensurate order, however, it is less ob-
vious, but NdA1Si shows a drop in p,,(T"), an arguable change
of slope in x(T), and a clear peak in C,(T') at T;,c [26]. For
comparison, we also looked for similar effects in NdAlGe. In
Figs. 2(b), 2(d), and 2(f), we again see clear features at Teop, as
adrop in py,, a split of field cooled (FC) and zero-field cooled
(ZFC) datain x., and a peak in C,. Anomalies associated with
the incommensurate order of NdAlGe are still subtle in p,,(T)
and x(T), where a mild upturn and a mild change of slope
are observed at Tj,, respectively. In the heat capacity data,
however, there is a peak that starts at T;,. and one can argue
the presence of two transitions in C,(T'). The low temperature
C, peaks of NdAIGe are broader than the ones observed for
NdAISi, which have sharp discontinuities occurring exactly
at Toom and T, This observation suggests a similar magnetic
phase diagram for both NdAISi and NdAIlGe, but with more
disorder in NdAIGe.

C. Neutron diffraction

To gain insights into the collective magnetism of NdAIGe,
we have performed single-crystal neutron diffraction to deter-
mine its temperature-dependent spin structure. Below Ti,, we
found incommensurate magnetism in NdAlGe that is charac-
terized by strong magnetic Bragg peaks (Qma,) indexed with
an ordering vector kapmy = (2/3 4+ 68(T),2/3 +6(T), 0), as
well as weaker Bragg peaks indexed with kapyvpy = (1/3 —
8(T),1/3 —4(T),0).

034202-4



STRIPE HELICAL MAGNETISM AND TWO REGIMES OF ...

PHYSICAL REVIEW MATERIALS 7, 034202 (2023)

(a) ® 1.8K ° NdAIGe (d) ° Q=1(2/3,2/3,0) 3215—: i.OSKK
- © 34K S ~ o Q=a/31/3088100 .04
b o 7 g7 S
w 40[AEK sy ' 10° | P
- 50k %, o e,
is] 54K 4 + . v-1 0 1
N 5.8K J & < < ® ¢ (degrees)
z ’ o . > /] 1
= 20f° 62K . 2 0 4
< °7.0K ¢ ) 2 10 / )
S : 4 4 o= (o e, _o ‘e
[ q (7} & LA \\(
£ € c »” N >5
£ ;. \:gt" < ’/, [N &

0 P .g::i"%*eg 100 [eeeee ‘ %4 000

0.65 0.66 0.67 0.68 0.69 -1 -0.5 0 0.5 1
(b) (HHO) (e) ¢ (degrees)

T T 0.02
Z 1y . T Bppm Barm0) .
2 _ .\ A (§FM 'EFM ,0)/3 3
8 42 ) . t/
='c - § —> ~
wn > ® )
Z g o ¥ 0.01,5
5) E o ‘\,O/
C”> °f g
o g ~c
-t b
O blasasasaa 0
2 4 6 8 T<d

(© T (K) (f)
g l_.!%"... TComE Tlnci
c 0.8+ 5% o, :
:f ' .oo .O. H '
£ 0.6f % :
< 04 ‘o :
£ 5[ Q=00 ' :
£ 0200 qeppaisanss 8 e, a
c"a 0r H .."I’M
S 02 N I

T2 3 4 5 6 7 g

T (K)

FIG. 3. (a) Neutron diffraction scans collected along the recip-
rocal [H, H, 0] space direction at various temperatures between 1.5
and 8 K centered around Q = (2/3,2/3,0). (b) Temperature de-
pendence of the (8(T'), 8(T ), 0) incommensurability of the kagpy; =
(2/3,2/3,0) SDW is plotted in red. The green curve shows 1/3
of the (6gm(T'), Sem(T), 0) incommensurability of the ferromagnetic
component whereas the blue curve is the total SANS collected using
the 12-A data. (c) The order parameter of Q = (200) and (2/3 +
8(T),2/3+46(T),0) Bragg peaks. (d) The main panel shows the
rocking scans at Q = (2/3,2/3,0)and (1/3,1/3,0)for T = 1.5 K.
We note that the source of the elevated background for the Q =
(2/3,2/3,0) rocking scan comes from proximity to an Al Bragg
peak. The inset of panel (d) shows the Q = (0, 0, 4) rocking scans
collected for both 7 = 10 and 1.5 K. (e), (f) Refined spin structure
for the magnetic commensurate phase of NdAlGe. Red (blue) arrows
are used to represent the up (down) spins. The tilting of the spins
within the ab plane was amplified by a factor of 4 to allow for better
visualization.

As shown in Fig. 3(a), we determined the incommensu-
rability 6(7") by tracking the temperature dependence of the
Quag = (2/3 4+ 8(T),2/3 4+ 8(T), 0) peak center observed in
an [H, H, 0] scan. The temperature dependence of §(7T') is
plotted in Fig. 3(b) where a mild change of §(T") between
T.om < T < T, is observed, but a transition to commensurate
magnetism (6 = 0) arises for T < Ton. For comparison, we
note that Fig. 3(b) also includes data from our SANS anal-
ysis, which will be presented in the next section. The order
parameter of the Quae = (2/3 +8(T),2/3 +8(T),0) peak
[Fig. 3(c)] correlates with Tj,.

In addition to the antiferromagnetic (AFM) Kkapy; and
Kkarpv2, we also observed ferromagnetism in NdAlGe. To
prove this, we acquired an order parameter at Q = (200)
[Fig. 3(c)], which shows it onsets slightly above T.oy. In
the next section, we will see that ferromagnetism actually
onsets exactly at Toon,. The fact that we see magnetic intensity
at Q = (200) above T,y is from the onset of an incom-
mensurate k = (8pm(7), Spm(T'), 0) wave that is a precursor
to the 8pm(7) = 0 ferromagnetism component. Our neutron
diffraction experiment simply could not resolve this incom-
mensurability, but we could do so using small-angle neutron
scattering presented in the next section.

The commensurate magnetic phase of NdAIGe is thus de-
scribed by a multi-k spin structure including two different
antiferromagnetic components (kapy and kagnz), as well as
a ferromagnetic component (k = 0). The diffraction pattern of
NdAIGe is practically identical to the one observed in NdAISi
[26]. The possible magnetic basis vectors describing this spin
structure were obtained by symmetry analysis and consist of
the xyz components of a SDW propagating along the [110] or
[110] directions. The SDW can either have parallel or antipar-
allel spins sitting on the primitive Nd** sites at r; =(0,0,0)
and r; =(1/2,0,1/4). Antiparallel (parallel) spin components
produce scattering at Bragg peaks indexed by the magnetic or-
dering vector kapvi = (2/3,2/3,0) [kapve = (1/3,1/3,0)].
As seen in the main panel of Fig. 3(d), the Bragg peaks
with kapm1 = (2/3,2/3, 0) have almost two orders of magni-
tude greater intensities than the kapvo = (1/3, 1/3, 0) ones.
This indicates a dominant antiparallel spin component for
the SDW, which is augmented by a weak parallel one. The
antiparallel spin component was refined to an Ising one,
while the parallel component was refined to a weak in-plane
spin canting that is transverse to the propagation of the
SDW. The spin structure refinement of NdAIGe is shown in
Appendix F.

The k = 0 ferromagnetic part of the spin structure was
refined to a c-axis magnetized state. This is due to the fact
that we did not observe magnetic Bragg intensity at nuclear-
allowed Q = (0, 0, L) Bragg positions [see top right inset of
Fig. 3(d)], while we observed magnetic scattering at nuclear-
allowed Bragg positions such as Q = (2,0, 0) [Fig. 3(c)].
The magnetization was refined to 0.9(1)uz/Nd, which is con-
sistent with the value of the low-field magnetization plateau
reported in the inset of Fig. 2(c).

Finally, adding all spin components together, the spin
structure of NdAIGe is a down-up-up (DUU) ferrimagnetic
SDW propagating along the [110] or [110] direction that is
augmented by a weak in-plane chiral component lying trans-
verse to its propagation [see sketch of the spin structures in
Figs. 3(e) and 3(f)]. Mostly pointing along the ¢ axis, the
moment on each Nd site was refined to 3.0(2)ug with an
in-plane tilting angle of 3(1)°. The high temperature incom-
mensurate spin structure is similar to the commensurate one,
but convoluted with an amplitude-modulated wave that has a
spatial wavelength of ~35 nm. The resulting spin structure of
NdAIGe is practically identical to the NdAl1Si one, but we note
that the incommensurate to commensurate phase transition
in NdAIGe is much broader in temperatures than the one in
NdAISi [26]. For example, the 5-K [H, H, 0] scan presented
in Fig. 3(a) shows the presence of both a commensurate and an
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FIG. 4. (a)~(c) ZFC 4.75-A SANS data, respectively, collected within the paramagnetic state (8 K), the incommensurate phase (5.4 K),
and the commensurate phase (2 K). (d) The 4.75-A SANS data collected within the commensurate phase (2 K) using a FC protocol (2 T).
(e) Total SANS intensity observed as a function of both an in-plane (blue) and out-of-plane (green) magnetic field using 4.75-A neutrons at
T =2K. (f) T =2 K total SANS scattering intensity as a function of the momentum transfer Q measured along the [H, H, 0] direction for
both ZFC and FC. This plot includes the SANS data collected within both the 4.75- and 12-A configurations as well as their appropriate fit
to a Lorentzian-squared function. (g) Calculated SANS pattern assuming an anisotropic Lorentzian-squared function with €; = 18 nm and
€, = 72 nm. (h) Sketch of the 1D representation of the commensurate spin structure of NdAlGe (single domain). This 1D representation is
also used to represent the stripe ferrimagnetic domains observed via SANS in a ZFC process.

incommensurate peak, which signifies inhomogeneity within
the NdAIGe crystal. This is consistent with a range of dif-
ferent critical temperatures T.oy coexisting within the same
crystal of NdAIGe, which likely arises from a variation of
the stoichiometry across the whole sample. Such a conclusion
corroborates the fact that NdAlGe has more disorder than
NdAISi.

D. Small-angle neutron scattering

So far, we have shown that the details of the magnetism of
NdAIGe are impacted by the disorder. In order to characterize
this further, we have performed a SANS experiment to probe
its magnetized inhomogeneities on a spatial length scale of
~1 to 500 nm.

We first collected field and temperature-dependent SANS
data with the ¢ axis parallel to the incident neutron beam so
we could probe the in-plane scattering vectors. Representa-
tive data acquired with 4.75-A incident neutrons within the
paramagnetic, incommensurate, and commensurate phase of
NdAIGe are, respectively, shown in Figs. 4(a), 4(b), and 4(c).
As expected, no coherent magnetic scattering is detected in
the paramagnetic state. In the incommensurate phase, Bragg
peaks at symmetry-related Q = (§pm(7T), dpm(T'), 0) posi-
tions are observed corresponding to an SDW with a spatial
modulation of 116(7) A at 5.4 K. This incommensurate SDW
could not be resolved in our neutron diffraction experiment

and is a precursor to the commensurate ferromagnetic spin
component of NdAlGe occurring below T¢op. The temperature
dependence of the incommensurability égv(7') is reported in
Fig. 3(b). pm(T) follows a §(T') = Spm (T )/3 relationship in-
dicating that the kpv = (Spm(T), Spm(T), 0) SDW is the third
harmonic of the main kapvy = (2/3 +68(T),2/3 4+ 6(T),0)
wave. This is typical of incommensurate magnetism in rare-
earth metallic systems where odd harmonics emerge from
“squaring up” of the main wave, which is expected upon
cooling as the magnetization becomes more constant through
the lattice [42,43].

Within the commensurate phase, the incommensurate
Bragg peaks disappear such that the SANS of NdAIGe is now
centered at |Q| = 0 and is shaped like a cross extending along
the (110) directions [Fig. 4(c)]. This is different from the
isotropic in-plane SANS pattern observed in the isostructural
Weyl semimetal PrAlGe [19], and we will argue that the
in-plane anisotropic cross pattern of NdAlGe arises from the
finite size of the magnetic domains forming the multidomains
state. Using a field of 2 T, Fig. 4(d) shows that FC NdAIGe
within its commensurate magnetic state significantly depletes
the cross pattern.

To probe the temperature dependence of the cross pattern,
we collected SANS data with 12-A incident neutrons, which
exclude the magnetic incommensurate Bragg peaks such that
the SANS scattering from the cross pattern can be isolated
(see Appendix G). The temperature dependence of the cross
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pattern extracted this way shows that it onsets below T.opy
[blue circles in Fig. 3(b)] and is indeed a feature of the com-
mensurate order.

We then studied the field evolution of the cross pattern
by acquiring 4.75-A SANS data for various in-plane and
out-of-plane fields. As reported in Fig. 4(e), an out-of-plane
field of only 0.30(5) T is enough to completely suppress the
SANS intensity associated with the cross pattern, whereas a
similar in-plane field strength does not significantly affect the
scattering. This is consistent with the out-of-plane anisotropy
of the bulk magnetization [inset of Fig. 2(c)] and shows that
the cross is only observed when the time-reversal symmetric
domains coexist (i.e., only when both up-down-down and
DUU domains are present).

We found that the SANS Q = 0 cross pattern could be
modeled using an anisotropic Lorentzian-squared function of
the form S(Q) = W‘W, which is often used to
phenomenologically describe the SANS of inhomogeneous
magnetized systems such as spin glasses [44—47]. In this
expression, A is a scale factor, while ¢ and € are the spatial
correlation lengths of the ferrimagnetic domains parallel and
perpendicular to the magnetic ordering vector direction [110],
respectively. The momentum transfer Q is also expressed into
a component that is either parallel (Q)) or perpendicular (Q )
to the ordering vector. We note that there is also the presence
of magnetic domains with ordering vector propagation along
the [110] direction so we included a Lorentzian-squared func-
tion where €| and €, are swapped. The combination of two
Lorentzian-squared functions that represent the SDW along
[110] and [110] accounts for the two branches of the cross
pattern. The scattering function S(Q) was then convoluted to
the two-dimensional (2D) resolution function ellipsoid of our
SANS instrument and fitted to the 2D zero-field SANS data
of NdAIGe acquired at T = 2 K [Fig. 4(c)].

Following this procedure, we obtained ¢ = 18(5) nm and
€, = 72(8) nm. A quantitative comparison between the fit
and the data is shown in Fig. 4(f) for the momentum transfer
along the [H, H, 0] direction, while the resulting 2D fit is
presented in Fig. 4(g) and can be compared to Fig. 4(c).
Our result indicates the SANS observed within the com-
mensurate phase of NdAIGe originates from ferrimagnetic
stripe domains that have a shorter spatial length scale parallel
to the SDW and a longer one perpendicular to the SDW.
The ferrimagnetic stripe domains of NdAIGe are sketched
in Fig. 4(h). The anisotropic shape of the magnetic domains
in NdAIGe may be a consequence of anisotropic exchange
interactions, dipolar interactions, or Dzyaloshinskii-Moriya
interactions.

We associate the origin of the magnetic stripes in NdAlGe
to the finite sizes of its bulk domains. This scenario is con-
sistent with the observed field dependence of the Q = 0 cross
pattern. Indeed, contrary to an in-plane field, a field parallel
to the ¢ axis promotes one time-reversal domain over the
other. In this case, a multidomain sample is not preferred and
the spatial dimensions of the energetically favored domain
then diverge. The same phenomenology explains the longer
length scale observed in the low temperature FC SANS data
[Fig. 4(d)], which is not expected if the cross pattern orig-
inates purely from domain wall scattering. A fit to the FC
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FIG. 5. (a) Resistivity p,, of the sample T7 as a function of
external magnetic field H below T,.. The current is applied along the
a axis (x) and the field is along the ¢ axis (z). For each temperature,
the data represented by a solid line are measured while the field is
swept from H = 6 to —6 T, while the dashed line is recorded in
the opposite field-sweeping direction. The same convention applies
to panel (b). (b) Hall resistivity p,.(H) of the sample T7 collected
at the same temperatures as in panel (a). The data taken at each
temperature were antisymmetrized and shifted by 0.5 u2 cm from
each other for visibility. The anomalous parts of the Hall resistivities
PP and p™ are extracted from the y intercept of a linear line
fitted to the plateaus of DUU (0.2 <H <1 T) and FM (H >4 T)
states, respectively. (c) Anomalous Hall conductivity (AHC) as a
function of temperature in the DUU (0,;°"Y, solid lines) and FM
state (o,;™, dashed lines) of seven samples (shown as different
symbols and colors). The data of sample T7 are plotted with black
circles. (d) Normalized AHC plotted as a function of temperature.
The light gray and dark gray stripes correspond to the rescaled
magnetization in the DUU state (Mpyy) and FM state (Mgy), which
are extracted from the y intercept of a linear line fitted to the plateaus
of DUU (0.2 <H <1T)and FM (H > 4 T) states, respectively
(see Appendix D).

SANS data against the Lorentzian-squared scattering function
[Fig. 4(f)] shows that € = ¢, = 270(30) nm.

E. Anomalous Hall effect

We now turn to the AHE of NdAlGe, and show that its
DUU and FM states host different types of AHE. Figure 5(a)
shows the field dependence of the electrical resistivity ., (H)
of NdAIGe measured below the transition temperature 7.
Near zero magnetic field, small features can be seen at 7 = 5
and 6 K; they correlate with the incommensurate phase as
revealed in Fig. 3(b). p«(H) curves taken at opposite field-
sweeping directions show a mild hysteresis below H* ~ 3 T,
which is the transition field from the DUU to the FM state [see
M_.(H) data in top inset of Fig. 2(c)]. The hysteresis starts
from T = T,om and persists as the temperature decreases.
Another feature related to the transition field H* is the local
maximum of p..(H). At T = 2K, p,,(H) first increases with
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the field in the DUU state, peaks at H*, and then starts to
decrease as the system is going through a smooth transi-
tion from the DUU to the FM state. Then, p..(H) reaches
a minimum at the end of the smooth transition, and finally
starts to increase again when it is in the FM state. Such a
nonmonotonic behavior of p,,(H) can also be seen in some
of the half-Heusler compounds such as DyPtBi, which shows
multiple field-induced phase transitions and has relatively low
mobility (<1000 cm? V~!s~!) [48]. We note that the local
maximum at H = H* persists above Ty, and T;, where the
transition between DUU and FM states no longer exists; such
nonmonotonic magnetoresistance above T¢ has also been re-
ported in DyPtBi and other half-Heusler compounds [49-51].
We may qualitatively understand the behavior of p,(H) in
terms of the two-current model [52,53], which suggests that
the resistivity in the DUU state (ppyy) is larger than within
the FM state (opy). Assuming that both an up spin (po4)
and a down spin (p,) contribute to the current in parallel,
and also that py > p,, we may then express ppy = (1/04 +
1/p,)~' ~ p;, which is a relatively low value. In the DUU
state, since the up and down spins admix as the spin wave
propagates, both p4 and p, approach an averaged value of the
two. As a result, the resistivity in the DUU state ppyy has a
significant contribution from p4 and is thus larger than ppy.
Figure 5(b) shows the Hall resistivity p,.(H) measured
at T < Tin.. Below H < 3 T, p,(H) taken in opposite field
sweeps follow different traces, which resemble the loop-
shaped Hall responses observed in other RAIX materials
[21,54,55]; such a loop Hall effect might be a ubiquitous
Weyl-mediated transport phenomenon in this group of Weyl
semimetals. At T = 2K, there are two plateaus in p,(H),
both of which correlate with the magnetization plateaus ob-
served in the DUU and FM states. By fitting each plateau to a
linear line, we extracted the anomalous part of py,(H) in the
DUU state (p;y""Y) and FM state (p;y™) using the y intercept

of their respective fitting line. p}ﬁ'DUU was extracted only for
T < T.om since beyond that temperature there is no DUU
state, but the spins are still polarized at high fields and high
temperatures so p}ﬁ’F M was calculated upto T ~ Tiy. From the
information extracted from Figs. 5(a) and 5(b), we calculated
the anomalous Hall conductivity (AHC) in the DUU state

(O’S’DUU) and the FM state (OS’FM) at each temperature using

A
po = pu(H = 0) and p) as o) = P2 The results are

o = Gar
plotted in Fig. 5(c) for seven different samples. Each sample
is uniquely represented by a specific color and symbol; for
example, the data of the sample T7 are plotted with black
circles. The solid line is used for 64UV and the dashed line

¥
is for ;™. At first glance, the data are all over the place and
it seems difficult to draw a clear conclusion.

However, since the resistivity is calculated from the resis-
tance that depends on the geometric factors of each sample,
the uncertainty in these sample-dependent factors may have
contributed to the “randomness” of the data in Fig. 5(c). To
eliminate the trivial effect of geometric factors and extract
the intrinsic properties of NdAlGe, we divided both ¢PUU

Xy
AFM ; AFM
and oy of each sample by its own o,

\ measured at
2 K [axf“;*FM(2 K)]. Assuming p. 3> py.[56], we show that

the normalized AHC (T;}(T) / O‘Q’FM (2 K) is free of geometric

(b) 15
— 05
2o YN | TN
W-0.5

mi:;’AAJ\» ﬂ\

(d)

(e) - (fL 4 T T T ]
- 1
1
e o 2 52
L o ® |
L o 14/, -'. o S: 0 :
L Kaems g |
. b <:b -2 :
1
- 1 1!
— 47 6.5 6 55 5
Energy (eV)

FIG. 6. (a) Brillouin zone of NdAIGe and high-symmetry k
points. (b) Band structure of NdAlGe. The dashed line marks the
Fermi level calculated by DFT. (c) Fermi surfaces of NdAlGe. The
blue pockets are electron pockets, while the red ones represent hole
pockets. We further circle two pockets with dotted lines, and label the
butterfly-shaped hole pocket as & and the elongated electron pocket
as B to facilitate our discussions. (d) Side view of the Fermi surfaces
of NdAIGe. (e) Distribution of 56 Weyl nodes in the Brillouin zone
found for the FM state of NdAIGe. (f) AHC, calculated for different
energy relative to the Fermi level determined by DFT (ERFT, marked
by the dashed line). The gray stripe near the dashed line marks
the possible variation of Fermi levels in our NdAlGe samples; the
variation range is £30 meV based on the variation reported in other
RAIX materials [21,26].

factors (the superscripts are omitted below for simplicity):

o) £y

PET)+p%(T) i (T)

Ux)y(T)/ny(z K) = p}.x(z K) - Pyx(z K)
PZ2 K)+pL2 K) P%(2 K)

_ on) p2CK)
P2 K) P2 (T)

Since geometric factors do not depend on 7', the geometric
factors of p,, (involving sample thickness) and p,, (sample
length, width, and thickness) are all eliminated in normalized
AHC. We plotted the results in Fig. 5(d) and found interesting
characteristics of ny’DUU and o AT,

As shown in Fig. 5(d), for US’DUU, the normalized AHC
of different samples all collapsed onto a single curve. In
addition, as T decreases, the normalized O'S,’DUU scales with
the magnetization of the DUU state (Mpyu, light gray stripe)
such that it saturates at low temperatures. The convergence of

the data from different samples, the scaling between o;°%Y
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and Mpyy, and the saturation of AHC at low T are strong
evidence for an intrinsic AHE [8,20,57-60].

However, in sharp contrast to o/P"Y
o™ of different samples in Fig. 5(d) do not collapse but
diverge into several curves. Indeed, as T decreases, the nor-
malized AHC does not follow the magnetization of the FM
state (Mpy, dark gray stripe). Since the NdAIGe crystals
grown by flux method are prone to Ge vacancies, we expect
that extrinsic disorders vary in each crystal and govern the
variance in o/,*. When the different disorder levels among
all samples are taken into account, the convergence of GQ’DUU
among them becomes quite nontrivial, and strongly suggests
a robust intrinsic contribution to the AHE due to Berry curva-
ture. The clear distinction between o}3°%Y and o/3™ marks
two regimes of AHE in NdAlGe: an intrinsic AHE in the DUU
state and an extrinsic AHE in the FM state.

, the normalized

IV. DISCUSSION

To better understand and interpret the magnetism and AHE
in NdAlIGe, we calculate band structure, Fermi surface, Weyl
nodes, and AHC due to Berry curvature. Figure 6(a) shows
the Brillouin zone and high-symmetry k points; a k path
along these high-symmetry k points was selected to plot the
band structure of NdAIGe in Fig. 6(b). At the first glance,
the band structure of NdAlGe does not look much different
from that of NdAISi [26], but the similarities and differences
are more visible when we look at the Fermi surface. From
Fig. 6(c), we can see the butterfly-shaped hole pockets (o
pockets) along the I'-X k path, similar to the ones in NdAISi
near Q = (:I:%, :l:%, 1) [26]. These pockets fulfill the nesting
condition for the incommensurate magnetic order to appear
[see the kapm vector in Fig. 6(c)]. Besides, when looking
at both Figs. 6(c) and 6(e) together, we find that the nesting
o pockets are also Weyl-like and Weyl nodes near opposite
a pockets along the diagonals are separated by the nesting
wave vector. The internode scatterings between these Weyl
nodes can provide the Weyl-mediated RKKY interactions and
account for the chiral component in the DUU ferrimagnetic
order (helical magnetism) [14,26]. The similarities between
NdAISi and NdAIGe in the nesting Fermi pockets and the
distribution of Weyl nodes provide a reasonable explanation
for their similar magnetic orders.

On the other hand, there are differences in the Fermi sur-
faces of NdAISi and NdAIGe that distinguish their transport
properties. The most pronounced difference lies in the dimin-
ished electron pockets in NdAIGe. In NdAISi, in addition to
the elongated electron pockets (8 pockets) along the Z-3; k
path at high k,, an octagon-like network of electron pockets
that extend to lower k, and connect the elongated pockets
is also present [26]. However, in NdAIlGe, this network of
electron pockets is diminished and only the 8 pockets remain
[Figs. 6(c) and 6(d)]. Without this network, not only the num-
ber of electron carriers are reduced, but also the momentum
dispersion of electrons is limited to a narrower range; both fac-
tors may explain the dominant role of hole carriers in NdAlIGe.

In Fig. 6(f), we report the AHC contributed by intrin-
sic Berry curvature at different energies [61]. At the Fermi
level determined by our DFT calculations (EPFT, indicated

by the dashed line), afy ~200 Q 'cm™! agrees with both

the sign and the order of magnitude of o;°UY, which is
~ 400 Q' cm~! for sample T7. When taking possible vari-
ations of Fermi levels into account (indicated by the gray
stripe), the calculated AHC remains positive and reaches a
constant plateau towards the hole side (to the right of EP'T).
The constant value over a range of possible Fermi levels is
consistent with the collapse of UQ’DUU data of all samples,
which may have different Fermi levels. Although the calcu-
lation in Fig. 6(f) is done in the FM state, we expect it to
reflect the AHC in the DUU state because of the similarity
in the net moment along z in both states. For a more quan-
titative comparison, additional scaling analysis is required to
determine the intrinsic AHC in o.;°"Y. We tried to perform
the scaling analysis proposed by Tian et al. [62]; although the
data points do follow the scaling (o7yP"Y o 07,), the extracted
intrinsic AHC seems unreasonably large, likely due to the
narrow temperature range of the fitting, which is limited by
Teom [63]. However, we argue that UQ’DUU should be domi-
nated by intrinsic Berry curvature because of (1) the collapse
of data taken from samples of different disorders [20,62],
(2) the linear dependence of o;°%" on Mpuyy [64], (3) the
saturation of AHC at low temperatures [58,60], (4) the fall of
conductivity oy, in the regime where intrinsic AHE usually
dominates [57,58], and (5) the reasonable agreement between
o "V and oy, calculated by DFT.

Previously, the transition from intrinsic to extrinsic AHE
in the RAIX family was only observed among materials of
different chemical compositions, and it was mainly driven by
enhanced disorders [20]. Here, we argue that spin fluctua-
tions may play a key role in such a transition in NdAlGe. In
ferromagnets, it has been proposed that carriers scattering in
a fluctuating spin background may lead to a chirality-driven
AHE [64,65], and a deviation of AHC from its scaling with M
was shown to be a manifestation of such behavior in experi-
ments [60]. In NdAIGe, ox’;’FM also deviates from Mgy as T
increases [see Fig. 5(d)]. Besides, the magnetic fluctuations in
the FM state seem to be strong, as suggested by the slow and
smooth transition from the DUU to the FM state, instead of the
sharp and steep one in NdAISi [26]. As a result, we infer that
the enhanced spin fluctuations as the magnetic field increases,
which possibly intensified with disorders, may be the key
factor driving the transition from intrinsic to extrinsic AHE
in NdAIGe. A complete description of o/3™, however, could
be quite complicated and would require a combination of
inherent Berry curvature from band structure, chirality-driven
AHE due to spin fluctuations, and extrinsic disorders through
skew scatterings.

V. CONCLUSION

In conclusion, we report incommensurate magnetism in
NdAIGe that onsets at T;,. = 6.8(2) K and consists of a
modulated SDW with a strong out-of-plane anisotropy and
a small helical chiral spin canting of 3(1)°. The spin system
transitions into a commensurate ferrimagnetic state below
Teom = 5.1(1) K where the spins form a DUU spin structure
while keeping the helical spin canting. Similar to NdAISi,
we found that the periodicity of the incommensurate SDW
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of NdAlGe matches the nesting wave vector between the two
of its topologically nontrivial Fermi pockets, which confirms
the possibility that Weyl-mediated RKKY interactions could
also drive the collective magnetism of NdAlGe. In contrast
to NdAISi, however, NdAlGe has a higher level of disor-
ders, which has a minor effect on its magnetic properties
but greatly modifies the transport ones. Effects of disorders
in NdAIGe are manifested through the anisotropic ferrimag-
netic domains of finite size as well as broad features in the
temperature dependence of its magnetic heat capacity, mag-
netic order parameters, and electrical resistance. In terms of
transport, the carrier concentration, mobility, and AHE of
NdAIGe are all drastically different from those of NdAISi.
In particular, we characterized an intrinsic as well as an ex-
trinsic AHE regime in NdAlGe that are both absent in the Si
analog. In NdAIGe, we argued that the intrinsic AHE results
mainly from its intrinsic Berry curvature, while the extrinsic
AHE is tied to disorders and spin fluctuations. The lack of
AHE in NdAISi may be due to differences in the strength
of spin-orbit coupling between Ge 4p and Si 3p electrons,
and/or an interplay between different mechanisms since its
higher RRR may have pushed it towards the clean limit and
introduced additional contributions [57,58]. Our paper thus
suggests that Weyl-mediated magnetism is a robust feature
of noncentrosymmetric Weyl semimetals NdALX, while the
transport properties including AHE in Weyl semimetals can
be strongly impacted by extrinsic effects despite the presence
of prominent Berry curvature.
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APPENDIX A: CRYSTAL STRUCTURE
REFINEMENT OF NdAIGe

In addition to the PXRD refinement shown in the main text
in Fig. 1 (NdAlGe made by a 10 Al recipe with a refined ratio
1.01:1:0.97), Fig. 7 shows the refinement of NdAISi made by
a 10 Al recipe and NdAIGe made by a 15 Al recipe. The
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FIG. 7. PXRD refinement of (a) NdAIlSi and (b) NdAlGe sam-
ples made with additional Al flux.

refined ratio for NdAISi is essentially 1:1:1, and for NdAIGe
(15 AD itis Nd:Al:Ge = 0.90:1:0.82. We note that it is known
from neutron scattering that the stoichiometry of NdAISi sin-
gle crystals is not exactly 1:1:1 [26], and we interpret our
PXRD refinement results shown in Figs. 1 and 7 as follows:
relatively speaking, NdAlGe is more nonstoichiometric com-
pared to NdAISi, and using more Al flux to grow NdAIGe
single crystals may result in a higher deficiency in the Nd and
Ge sites.

APPENDIX B: HEAT CAPACITY OF LaAlGe AND NdAIGe

Figure 8 shows the heat capacity C,(T") of both LaAlGe
and NdAIGe at zero magnetic field. As expected, the C,

10? E-____________;p;"“m‘
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10—3 [ el sl
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FIG. 8. Heat capacity data of LaAlGe and NdAIGe. The black
dashed line marks the Dulong-Petit limit. The uncertainty in our data
is 4%, which comes from the uncertainty of the sample mass.
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FIG. 9. (a) py(T) and (b) p,.(H) of NdAlGe (blue dashed lines,
left y axis) and NdAISi (red solid line, right y axis). The high-field
part of the data of both materials is fitted to a linear expression [black
line in panel (b)] to extract single-band carrier concentrations.

attains the Dulong-Petit limit (C,, = 3R X Njons Where R is the
gas constant and Njqps is the number of ions in the material and
equals to 3 in NdAlGe and LaAlGe) near room temperature
for both materials. The difference between these two data
sets comes from the magnetic specific heat C,™¢, which is
analyzed in detail in the main text in Fig. 2.

APPENDIX C: COMPARISON BETWEEN THE
TRANSPORT PROPERTIES OF NdAISi AND NdAIGe

Figure 9 compares 0. (T) and py(H) of NdAIGe and
NdAISi. From Fig. 9(a), it can be seen that, at base tem-
perature T =2K, p,, of NdAIGe is much closer to its
room-temperature value compared to that of NdAISi, hence
the higher RRR reported in Table I. Figure 9(b) shows typical
Pyx(H) curves for both materials. For NdAIGe, two plateaus
corresponding to the DUU and FM magnetic phases can be
seen. For NdAISi, however, although there are also two steps
in its magnetization just like NdAlIGe [26], its p,.(H) curve
is smooth for the first transition and only shows a small dis-
continuity at the transition field to the FM state. The p,.(H)
curve is also mildly nonlinear overall such that it is difficult to
argue an AHE in NdAISi (see also Appendix E). We obtained
the single-band carrier concentrations by fitting a linear line
to the high-field part of p,(H) curves for both materials, and
used them to calculate their respective single-band mobility
from p,, at 2 K (see Table I).

APPENDIX D: M(H) OF NdAlGe AT DIFFERENT
TEMPERATURES

Figure 10 shows the details of M(H) data of NdAIGe at
different temperatures below T, and Ti,.. The plateaus in
the DUU and FM states are evident and correspond to the
plateaus in p,(H ). At high magnetic field, the magnetization
converges to the saturated value. The decent saturation of
magnetization even at T = 7K allows us to extract p;y™
from the high-field plateaus in p,,(H) data. We note that the
transition field from DUU to FM state is not always the same
and varies among samples, while the plateaus are persistent
before and after the transition.

| NdAIGe 2K

-3 . . .
-70 -35 00 35 7.0
H(T)

FIG. 10. (a) M(H ) data of NdAlGe recorded at different temper-
atures. The data at each temperature are vertically shifted away from
each other by 2.2 g /Nd for visibility. (b) The same data as in panel
(a), but not shifted.

APPENDIX E: p,.(H) AND M (H) OF NdAISi
AT DIFFERENT TEMPERATURES

Figures 11(a) and 11(b) compare oy, (H) and M (H ) data of
NdAISi side by side to reveal the absence of Hall resistivity
plateaus despite clear plateaus in M (H ). Similar to NdAIGe,
M(H) of NdAISi has a low-field transition to the DUU state
and a high-field transition to the FM state, each of which
results in a plateau in M (H). In the Hall data, however, near
H =0T, px(H) is smooth and featureless; no feature can
be associated with the transition to the DUU state in oy, (H).
At the transition to the FM state, there is a concomitant jump
in py.(H) as shown in the inset of Fig. 11(a). It is tempting
to subtract a smooth background from p,.(H) and interpret
such a jump as AHE, but this is not feasible here since the oy,
data in the FM state (H > 7 T) below T.on, actually lie very
close to the p,, data above T,y in the same field range. The
main reason why they are not exactly on top of each other
is that there are quantum oscillations in the low temperature
Pyx data (< Teom). We note that M significantly drops (more
than 30%) as T changes from 1.8 to 8 K, so if there is a finite

(a) so —— . (b) 3 — o
NdAISi > | NdAISi i
= 40} ]
€ S 1t
a z
EX 1 2 °f
X 3 A s -1f o
Q —40 | 8K—, o |7 7K\ AT
—2 P\F=
. 18K — 3K
—80 , _3 47— 18K
-8 -4 0 4 8 -8 -4 0 4 8
H (T) H(T)
(C) 10 [/ ] \,\"j\’/ T T T T
0.5 LT W- - u
=
L ool 4+ _
LI::IL \/ _ ny
u _o,
05 A 4L o
1.0 //\\ 1 L1
r INZ, Z I X -5 0 5 10 15 20

o (102 Q1 cm™)

FIG. 11. (a) py,(H) data of NdAISi recorded at different temper-
atures. (b) M (H) data of NdAISi. (c) Left panel: Band structure of
NdAISi in the FM state. Right panel: Anomalous Hall conductivity
of NdAISi, calculated by DFT considering intrinsic Berry curvature.
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AHE the Hall data recorded at these two temperatures should
be quite different from each other due to the proportionality
between M and p;“x [64]. As a result, we conclude that no
Hall plateaus were observed in NdAISi. The absence of AHE
in NdAISi is interesting because it is in conflict with the
AHC calculated by DFT. We performed AHC calculations
for NdAISi in Fig. 11(c) by considering the intrinsic Berry
curvature, similar to the one shown in Fig. 6(f) for NdAIGe.
Near Ep, there is a persistent AHC (o, ~ 500 Q~'em™),
in contrast to the absence of Hall plateaus in Fig. 11(a). It
would require further theoretical investigation to understand
this discrepancy.

APPENDIX F: DETAILS ON THE SPIN STRUCTURE
REFINEMENT OF NdAIGe

We did magnetic refinement of our neutron diffraction
data to determine the AFM spin structure component of the
commensurate phase of NdAlGe. To do so, rocking scans
at 32 symmetrically nonequivalent Bragg positions were col-
lected at T = 1 .5 K within the manifold of Bragg peaks Q. =
Gi( +4, 1 3 +6,0)and Q_ _Gi( +6, 2 3 +46,0). Here
G refers to all nuclear allowed Bragg peaks We performed
representational analysis of the NdAIGe commensurate mag-
netism using SARAH REFINE [66] and found six possible
basis vectors divided into two different irreducible represen-
tations (IRs) (I'y and I';) [31], whose real parts are shown in
Fig. 12(a). The two primitive Nd ions located at r;=(0,0,0)
and r, =(1/2,0,1/4) within the unit cell have spins antipar-
allel to each other for spin structures described by Iﬁl—i—tﬁz,
Va-s, and 1/73 These antiparallel spin structures lead to
strong Q_ peaks and no intensity at Q+ peaks On the other
hand, spin structures described by Iﬂl 1//2, 1ﬂ4 + 1/r5, or 1//6
have parallel Nd spins at ry and r,. This situation leads to
strong Q. peaks and no intensity at Q_ peaks. As seen in
Fig. 3(e) of the main text, we observed intensities at Q_
positions that are two orders of magnitude greater than at Q.
so the spin structure is dominantly antiparallel and was refined
to an Ising anisotropy (¥3). We also detected weak intensity at
Q_ positions so there is also a weak parallel spin component,
which originates from an in-plane spin component /i,. We did
a magnetic refinement against both the I} and I, manifold
and found our refined yx, is & 100 times smaller for the I';
manifold so we concluded that I"; is the appropriate IR for
NdAIGe. The final refinement is shown in Fig. 12(c) where
the best solution was obtained with lﬁl = —g[?g = 0.14Q2)up
and @ =3.8(4)up. Furthermore, Fig. 12(d) shows the yx»
dependence on both the angle direction of the spin canting
within the ab plane (6,,), and its magnitude (iy,). In this plot,
0xy = 0 is defined to be along the ordering vector direction
[1,1,0]. From Fig. 12(d), we deduced an in-plane spin canting
of 0.14(2)up/Nd oriented 90(20)° away from the ordering
vector direction, which produces a helical spin canting.

We determined the spin polarization of the FM k =
(0, 0, 0) magnetic structure of NdAISi by collecting rocking
scans at 24 symmetrically nonequivalent k = (0, 0, 0) Bragg
positions covering the (H, H, L) plane. The nuclear and mag-
netic contributions to the Bragg diffraction were distinguished
by collecting rocking scans within both the paramagnetic
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FIG. 12. (a) Real part of the magnetic basis vectors for the
AFM spin component of NdAlGe obtained from symmetry analysis.
(b) Rocking scans collected at Q = (1,1,0), which is a higher har-
monic originating from the addition of the magnetic Q = (2/3,2/3,0)
and (1/3,1/3,0) Bragg peaks. The scattered intensity is 100 to 1000
weaker than the magnetic Q = (2/3,2/3,0) and (1/3,1/3,0) Bragg
peaks. (c) Final refinement of the spin structure of NdAIGe against
both the FM k=(0,0,0) spin component and the AFM spin compo-
nent described by Kapmi and Kapwvo. |F |2 is the neutron structure
factor. (d) x? value of the neutron diffraction refinement against an
in-plane moment ., and its direction within the ab plane 6,,. 6=0
lies along the magnetic ordering vector [1,1,0] direction.

phase at 10 K and the commensurate phase at 1.5 K. Sym-
metry analysis reveals three possible IRs to describe the k =
(0, 0, 0) magnetic structure [31]: '} and I'5 that, respectively,
correspond to ferromagnetic and antiferromagnetic structures
where the spins are oriented along the ¢ axis, and I's that de-
scribes structures where the spins lie in the ab plane. The Ising
ferromagnetic I'; is the only IR that matches the symmetry of
the antiferromagnetic spin component. Furthermore, I'; and
I's, respectively, produce magnetic Bragg reflections at Q =
G £ (1,1,0) and (0,0, L) positions. As seen in Fig. 3(e),
we did not observe any scattering at (0, 0, L) Bragg posi-
tions. Also, we only observed extremely weak intensity on the
Q=G =£(,1,0)peaks [suchas Q = (1, 1, 0) in Fig. 12(b)],
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but these can be understood as arising from the higher har-
monics of the AFM order or from the presence of small Nd
vacancies. Our final refinement, which is shown in Fig. 12(c),
thus leads to the I'; structure with gy = 0.9(1)up.

Related to the phase factor of the spin structure at which
neutron diffraction is insensitive, we note that for the Ising
component the spatial variation of the Nd moments is ex-
pressed as

Uapmi () = 1.9(2)<exp {1[(%%0) T+ i9:|} + c.c.),
(F1)

where c.c. stands for the complex conjugate. This expression
includes both k = (%, %, 0) and (%, %, 0) components as re-
quired for the magnetic moment to be real for all r. While
the diffraction pattern is independent of 6, the real space spin
structure does depend on 6. For & = m, the spin structure can
be described as zero-up-down where zero means there is no
net magnetization on this site, whereas a & = 0 phase shift
leads to an up-down-down spin structure. Within the commen-
surate phase, once the FM component of the structure is added
[uem = 0.9(Dupl, & = 0(6)° is the only phase that allows
for all the Nd moments to not exceed the 2.80(5)up saturated
moment determined by the out-of-plane magnetization data.

APPENDIX G: SANS DATA WITH 12-A NEUTRONS

As discussed in the main text, we collected SANS patterns
with 12-A incident neutrons for various temperatures rang-

(@) SA(I)\IS Intensity (arb. uqits) (b) SA(I)\JS Intensity (arb. uqits)
| | | .
0.01 ETITH ZFC

Q-roy (A1)
o

-0.01
-0.01

0 0.01 ) 0.01
QnHo) (A1) Qo) (A1)

FIG. 13. (a), (b) ZFC 12-A SANS data, respectively, collected
within the magnetic incommensurate phase (5.4 K) and the commen-
surate phase (2 K) of NdAlGe.

ing from 10 to 2 K. Representative SANS patterns collected
within both the magnetic incommensurate and the magnetic
commensurate phase of NdAlGe are, respectively, shown in
Figs. 13(a) and 13(b). As seen from the absence of SANS
scattering within the incommensurate phase, the 12-A data
set was used to isolate the SANS scattering from the Q = 0
cross pattern by summing over all the scattering detected in
such data set. The temperature dependence of the cross pattern
extracted this way is presented in Fig. 3(b) of the main text
(blue dots).
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