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Abstract

The discovery of a significantly large anomalous Hall effect in the chiral antiferromagnetic
system—Mn3; Ge—indicates that the Weyl points are widely separated in phase space and
positioned near the Fermi surface. In order to examine the effects of Fe substitution in Mn3;Ge on
the presence and location of the Weyl points, we synthesized (Mn;_,Fe,);Ge (v = 0 — 0.30)
compounds. The AHE was observed in compounds up to o =0.22, but only within the
temperature range where the magnetic structure remains the same as the Mn;Ge. Additionally,
positive longitudinal magnetoconductance and planar Hall effect (PHE) were detected within the
same temperature and doping range. These findings strongly suggest the existence of Weyl points
in (Mn;_,Fe,)3;Ge (v = 0 — 0.22) compounds. Further, we observed that with an increase in Fe
doping fraction, there is a significant reduction in the magnitude of anomalous Hall conductivity,
PHE, and positive longitudinal magnetoconductance, indicating that the Weyl points move further
away from the Fermi surface. Consequently, it can be concluded that suitable dopants in the parent
Weyl semimetals have the potential to tune the properties of Weyl points and the resulting
anomalous electrical transport effects.

1. Introduction

The field of condensed matter physics has entered a new era with the recent discovery of topological phases
of matter [1, 2]. A significant breakthrough in this direction is the identification of chiral antiferromagnets
that host Weyl Fermions [3, 4]. The presence of Weyl nodes in chiral antiferromagnets leads to anomalous
transport effects, which are rarely observed in conventional antiferromagnets, as mentioned in [5-7]. The
observation of a substantial anomalous Hall effect (AHE) in chiral antiferromagnets is interesting, paving the
way for research in the realms of topological materials, spintronics, and high-efficiency energy harvesting
devices [3, 4, 8—13]. The separation of Weyl points in phase space and their positioning relative to the Fermi
energy play a crucial role in determining the magnitude of AHE and the electrical transport effects induced
by the chiral anomaly [5, 7, 10, 14-18].

The chiral antiferromagnetic (AFM) hexagonal phase of Mn;Ge hosts multiple pairs of Weyl Fermions
situated in proximity to the Fermi surface [7, 19]. As a result, Mn;Ge exhibits large anomalous Nernst effect,
magneto-optical Kerr effect, AHE, and positive longitudinal magnetoconductivity (LMC), all justifying the
presence of Weyl points near the Fermi surface [3, 6, 10, 13, 20-22]. Temperature-dependent Nernst effect
measurements on Mn;Ge have demonstrated that the position of Weyl points can be manipulated by
changing the temperature [10]. Recent efforts have focused on controlling the Weyl nodes in various
compounds through doping, external pressure, and other means [23-31]. However, the precise
understanding of the role played by external factors in the dynamics of Weyl Fermions is still incomplete.
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Our research focuses on investigating the characteristics of Weyl Fermions in chiral antiferromagnets by
studying the evolution of Weyl points and the resulting electronic transport effects in
hexagonal-(Mn; _,Fe, )3Ge. While the evolution of magnetism and trivial transport effects with Fe doping
in hexagonal-Mnj3Ge has been studied in the past [32-36], their recognition as potential Weyl semimetals has
been reported recently [37, 38]. Previous studies [34—36] have shown that for low Fe doping levels (<15%),
the compounds exhibit magnetization similar to Mn3;Ge, even at the lowest measured temperature. However,
it was observed that the Néel temperature (T;) decreases as Fe doping in Mn3;Ge increases. For higher Fe
doping levels (approximately 0.15 < « < 0.25), a second magnetic transition appears at Tx;,, which remains
lower than T'x. The magnetization of the compounds in these two magnetic regimes is distinct, indicating
different magnetic structures in each temperature regime. Finally, in the case of even higher Fe doping levels
(o 2 0.30), both AFM transitions are suppressed by the emergence of ferromagnetism in the sample.

In this report, we initially conducted a comprehensive analysis of the magnetization properties of
hexagonal-(Mn, _, Fe, )3Ge compounds with varying Fe doping fractions («) ranging from 0 to 0.30.
Notably, we observed that the magnetization behavior resembling Mn3Ge persists over a considerable
temperature range, specifically up to o = 0.22. For compounds with o = 0.14 — 0.22, a change in
magnetization behavior at low temperatures allowed us to investigate the influence of such changes on the
electrical transport effects of the samples. Consequently, we performed a detailed analysis of the AHE and
various magnetoconductivity (MC) measurements on single-crystal (Mn,;_,Fe,)3;Ge compounds with
a = 0—0.22. For low Fe doping levels (a = 0.04, 0.10), the AHE and positive LMC were observed,
exhibiting similarities (albeit with lower magnitudes) to the parent sample, below the Neél temperature
(Tn1)- As the Fe doping increased (e = 0.18, 0.22), the samples underwent a second magnetic transition at
Tz (which is lower than Tyy). In these cases, the AHE and positive LMC were observed between Ty, and
Tni- Moreover, it was found that these compounds exhibited a magnetic structure similar to Mn3Ge between
Tz and T [37]. Interestingly, below Ty, the magnetic structure changed to a collinear AFM
configuration, and the AHE vanished. This observation suggests that the Weyl points exist in
(Mn; _,Fe,)3Ge compounds solely within the temperature range of T, to T'xi-

The chiral anomaly effect in Weyl semimetals is characterized by several phenomena such as positive
LMC, planar Hall effect (PHE), and angular magnetoconductivity (IMC) [16, 18]. However, these effects can
arise due to other effects as well, for example, due to the magnetization, or unequal spin density of states
(sDOS) near the Fermi surface. Our analysis suggests that the observed positive LMC (at B=1T), MC, and
PHE in the Fe-doped Mn3;Ge compounds are likely a result of the chiral anomaly effect in Fe-doped Mn;Ge.
However, further investigations are necessary to support our claim.

We have observed that the AHE and signatures of the chiral anomaly effect (positive LMC, MC, and
PHE) are present in the compounds with Fe doping levels ranging from o = 0 to o = 0.22, but only within
the temperature range where the magnetic structure remains similar to that of Mn3Ge. This suggests that the
Weyl points exist in the Fe-doped samples as long as they retain a magnetic structure similar to Mn3Ge.
Moreover, the magnitude of AHE and LMC decreases with an increase in the Fe doping level (), indicating
that the Weyl points move further away from the chemical potential as a increases.

2. Experimental methods

The synthesis of single-crystals of hexagonal-(Mn; _,Fe, )34~ Ge with varying Fe doping levels was carried
out using a similar method described in [20, 37]. The self-flux method was employed to synthesize the
single-crystals under nearly identical conditions. Since the hexagonal phase of Mn3Ge is stabilized with an
excess of Mn () [39, 40], hexagonal-(Mn, _,Fe, )34 Ge compounds with -y ~ 0.2 were synthesized.

The synthesis of (Mn;_,Fe, )3,Ge starts with the melting of pure elements with a stoichiometric
composition using the induction melting technique. The resulting samples were then sealed in quartz tubes
and heated in the furnace up to 1273 K (for = 0) or 1323 K (for o =0.30) for 5 h, followed by a slow
cooling down to 1123 K, at the rate of 1 Khr~!. It is important to mention that the Mn;Ge and Fe;Ge
stabilize in the hexagonal crystal structure above 903 K and 973 K, respectively [39, 40]. Therefore, all the
samples were water-quenched at 1123 K to preserve the high-temperature hexagonal phase.

High-quality single-crystals were successfully obtained for compounds with Fe doping levels
a = (0 — 0.22). However, the samples with o« = 0.26 and o = 0.30 remained polycrystalline. The Laue
diffraction patterns of the samples with o« = 0 to a = 0.22 exhibited sharp 6-fold diffraction spots, indicating
the formation of crystals in the hexagonal phase. An example of a Laue pattern for a selected sample with
o =0.22 is shown in figure 11 in the appendix.

Chemical analysis of the crystals was performed using the ICP-OES (inductively coupled plasma optical
emission spectroscopy) method. The analysis yielded the empirical formulas for samples with Fe doping
levels =0, & =0.04, « =0.10, & = 0.18, = 0.22, and o = 0.30 as Mn3 ;(5)Ge, (Mny g6(1)Feg.04(1))3.25Ge,
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Figure 1. Magnetic structure of a = 0.22 compound at 130 K, as determined by the [37]. The crystallographic axes a and b,

related by 120°, show hexagonal coordinates. The x, y, and z axes are described in the Cartesian coordinate system. The c and z
axis remain the same in both coordinate systems.
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(Mng g9(1)Feo.10(1))3.18Ge, (Mng g3(1)Feg.17(1))3.25Ge, (Mng 79(1)Feg.21(1))3.21Ge, and (Mng gg(1)Feg.32(1))3.20Ge,
respectively. For simplicity, we will refer to these samples based on their initial stoichiometric composition.

A small amount of o = (0,0.04,0.10,0.18,0.22,0.30) compounds were crushed and x-ray powder
diffraction (XRPD) was performed using the Huber Imaging plate Guinier Camera (G670). The obtained
data were analyzed using the FullProf software, and the results are presented in figures 10(a)—(f) in the
appendix. The analysis confirms that all the crystals were synthesized in the hexagonal phase with P65 /mmc
(no. 194) space group symmetry. A small amount of tetragonal phase (2%—4%) was also observed as an
impurity in the & =0 and o = 0.04 compounds (figures 10(a) and (b) in the appendix). This presence of a
tetragonal phase has been commonly observed during the synthesis of hexagonal-Mn;Ge [22, 41].

The lattice parameters of the samples in the hexagonal phase were compared and are shown in
figure 10(g) in the appendix. As expected, the lattice parameters and lattice volume decrease monotonically
with an increase in Fe concentration, following Vegard’s law [42]. Furthermore, neutron diffraction analysis
of the &« =0.22 compound [37] confirmed the substitution of Mn by Fe on the Mn sites, while the excess Mn
() occupies the Ge sites. The nuclear and magnetic structure of the o = 0.22 compound at 130 K is
illustrated in figure 1. The plot also includes crystallographic axes in both hexagonal (a,b) and Cartesian
(x,y) coordinates for convenience.

The magnetization and electrical transport measurements of all the samples were conducted using
quantum design-physical property measurement system (QD-PPMS) and quantum design-dynacool
(QD-DC) instruments. In the measurements, the magnetic and electrical properties were probed along the
crystallographic axes x, y, and z of the sample, as defined in figure 1. This allows a comprehensive
understanding of the anisotropic behavior and electronic transport characteristics of the samples.

The tetragonal and hexagonal phases of Mn;Ge exhibit different magnetic behaviors, with the tetragonal
phase being ferrimagnetic and the hexagonal phase being paramagnetic at 400 K. The Fe doped samples
demonstrate paramagnetic behavior at 400 K, which is above the Néel temperature (Tn;) for o < 0.26
compounds. Therefore, it can be concluded that the observed transport and magnetic effects originate from
the hexagonal phase of the compound.

3. Magnetization

The temperature-dependent magnetization (M—T) measurements were performed on single crystals and
polycrystalline compounds with varying Fe doping levels (o« = 0 — 0.30), and the results are shown in
figure 2.

When measuring the magnetization along the x axis, compounds with o = (0.04 — 0.26) exhibit a
magnetic phase transition at the Néel temperature (Ty), similar to MnzGe [20] (figure 2(a)). Below Ty,
the magnetization along the x axis starts to increase, resembling the behavior of the parent compound
(a=0). However, the compounds do not behave uniformly at low temperatures. In contrast to a < 0.10
compounds, compounds with & = (0.14 — 0.26) exhibit a second magnetic phase transition at T, (< Tn1),
as shown in figure 2(a). The magnetization magnitude below Tx, remains significantly smaller compared to
the magnetization between Ty and T;.
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Figure 2. The temperature-dependent magnetization (M-T) measurements were performed under field-cooled (FC) conditions
with a magnetic field of 0.01 T. The measurements shown here were taken during the warming of the sample. (a) Figure (a) shows
the M=T curves for single-crystal (sc) (Mn;—qFeq)3,Ge with & = 0 — 0.22 along the x axis. The M=T curve for the
polycrystalline (poly) sample with ac = 0.26 is also included for comparison. (b) Figure (b) displays the M-T curves for selected
single-crystals with the magnetic field (B) parallel to the z axis. (c) Figure (c) shows the M=T curves for the (Mn; — o Feq)32Ge
samples with & = 0.26 and oe = 0.30.
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Figure 3. Magnetic phase diagram of the (Mn;_qFeq )3,Ge (o = 0 — 0.30). Tn1, Tz, and T are the magnetic transition
temperatures shown in figure 2. AF-I and AF-II show different antiferromagnetic regimes, whose corresponding magnetic
structure is also shown in the same region. The samples with o > 0.22 show ferromagnetic (FM) behavior below T, as indicated
in the figure.

Magnetization measurements along the z axis were also conducted for selected compounds
(¢ =0,0.04,0.10,0.18,0.22), as depicted in figure 2(b). The M-T curve along the z axis follows a similar
pattern as that along the x axis. However, the magnetization along the z axis is nearly 10 times smaller than
that along the x axis throughout the measured temperature range.

The magnetization of & = 0.26 and o = 0.30 samples displays ferromagnetic (FM) behavior, and their
respective Curie temperatures (T) are shown in figure 2(c).

The derivative of the M — T curve was used to determine various magnetic transition temperatures. The
evolution of T, Tz, and T with Fe doping fraction («) is presented in the phase diagram shown in
figure 3. As mentioned earlier, the magnetization of « = (0.04 — 0.10) and « = (0.14 — 0.26) compounds
exhibits behavior similar to that of Mn3;Ge below T; and between Tx; and T, respectively. We define this
magnetization regime as AF-I, as indicated in figure 3. The magnetic structure of the « =0.22 compound in
the AF-I regime has already been reported to be the same as Mn3;Ge [37]. Therefore, we can conclude that the
magnetic structure of all compounds in the AF-I regime remains the same as that of the parent compound
Mnj;Ge.
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The M(H) measurements for & = (0.14 — 0.26) compounds at 4 K reveal AFM behavior in the absence
of residual magnetization. Previous studies [34, 37] have reported that the @ = 0.22 compound exhibits
collinear AFM behavior with Mn moments aligned along the z axis. Hence, it can be inferred that compounds
with & = (0.14 — 0.26) possess a collinear AFM structure with Mn moments oriented along the z axis below
T'na» as depicted in figure 3. This magnetic region is referred to as the AF-II regime in the phase diagram.

4. Electrical transport results

The electrical transport properties of single-crystal compounds with o = 0,0.04,0.10,0.18,0.22 were
investigated. The crystal size « = 0.14 sample was very small. Therefore no electrical transport measurement
was performed using this sample. The samples under measurements have typical dimensions of length

~1.0 mm-1.5 mm, width ~0.4 mm-0.5 mm, and thickness ~0.1 mm—-0.2 mm. Measurements were
performed along the different crystallographic axes, and consistent results were obtained upon repeated
measurements, confirming the intrinsic nature of the observed electrical transport effects.

The electrical resistivity of all the compounds was measured along the three different axes. We have
observed similar resistivity along the x and y axes, as reported by [20, 37]. However, a significantly different
resistivity behavior was observed along the z axis, compared to the x axis. The longitudinal resistivity along
the x and z axes for @ = 0 — 0.22 compounds is shown in figure 4. The resistivity increases with increasing Fe
doping fraction, which is expected due to impurity doping. The parent compound, « = 0, shows metallic
behavior, along the x axis, below 200 K. However, it shows semimetallic behavior above 200 K, up to Tni. In
contrast to this, all the Fe doped compounds exhibit semimetallic resistivity behavior along the x axis in the
entire AF-I regime. The resistivity along the z axis shows metallic behavior for the parent compound.
Whereas, it shows a mixture of metallic and semimetallic behavior for Fe doped compounds. The increase in
resistivity, along both the axes, at low temperatures suggest strong spin scattering as magnetic moments of
the compound increases. For a = (0.18,0.22) compounds, the resistivity along both the x and z axes drops
below T'n; and exhibits metallic behavior in the AF-II regime.

4.1. Anomalous Hall effect

Hall resistivity measurements were performed on compounds with various Fe doping fractions, namely

a =0,0.04,0.10,0.18,0.22, with the magnetic field oriented along the y and z axes. Figures 5(a)—(d) displays
the Hall resistivity values for these compounds at temperatures of 4 K and 150 K, with the magnetic field
parallel to the y and z crystallographic axes.

When the magnetic field was applied along the y axis, a sharp jump in Hall resistivity was observed, in
several cases, near zero fields, which clearly suggests the presence of anomalous Hall resistivity (AHR). The
magnitude of the AHR was determined by performing a linear fit to the high-field Hall resistivity data, as
shown in figure 5(b). As depicted in figures 5(a) and (b), AHR (p2) is present at both 4 K and 150 K in
compounds with Fe doping fractions of « = (0 — 0.10) and o = (0 — 0.22), respectively. Furthermore, the
Hall hysteresis at 150 K, observed in both the parent and Fe-doped compounds, is confined to a range of
0.02 T, as illustrated in figure 13 in the appendix.

In comparison to the y axis, when the magnetic field aligns parallel to the z axis (B||z), the observed
anomalous Hall resistance (AHR) is much reduced, as depicted in figures 5(c) and (d), or even absent. Prior
research on Mn3;Ge has proposed that the AHR would vanish when the magnetic field aligns with the z axis
[3, 20]. However, we have observed a slight non-zero AHR for B||z. Within this setup, the AHR magnitude is
significantly prominent for & = 0.04, while it is minimal for « = 0.10 (shown in the inset of figure 5(c)). The
presence of AHR for B||z is not uniformly observed across all compounds. This inconsistency may stem from
minor misalignment between the sample’s orientation, the magnetic field’s direction, and the
crystallographic x or y axes. Furthermore, the small out of the (a-b) plane magnetization could also
contribute to the minor AHR under the B||z configuration [3, 20, 22, 37]. However, additional experimental
investigations are necessary to precisely identify its underlying source.

Multiple Hall resistivity (p,,) measurements were conducted with a magnetic field applied along the y
axis at various temperatures. For each measurement, the corresponding AHR (p%,) was determined using the
linear fitting of the high field Hall resistivity data, as illustrated in figure 5(b). In this context, p2, represents
the AHR when the Hall voltage is measured along the z axis, the current is applied along the x axis, and the
magnetic field is applied perpendicular to both axes, i.e. along the y axis.

The Hall resistivity (pg) can be expressed in a general form as py = RoB + RyyM + p4,, where Ry and Ry
correspond to the ordinary and magnetization induced Hall coefficients, respectively. 4, denotes the
anomalous Hall resistivity due to the non-vanishing Berry curvature [22]. In compounds with ferromagnetic
(FM) properties, the existence of AHR is expected due to the presence of remanent magnetization [43]. In

5



10P Publishing

New J. Phys. 26 (2024) 033043 V Rai et al

4f 4
T 1€
53 39
ST 1 €
S2 _2§
Xt +a=0101[ 1=
K1F v a=0187F[ 1<

[ a=0221F ]

0....|....|....|... ....I....I....I...O

0 100 200 300 O 100 200 300

T (K) T (K)
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Figure 5. In figures (a) and (b), the Hall resistivity measurements at 4 K and 150 K, respectively, are shown for the field applied
along the y axis. In figures (c) and (d), the Hall resistivity measurements at 4 K and 150 K, respectively, are shown for the field
applied along the z axis. Inset of (c) represents the magnified version of the Hall resistivity (px,) for o = 0.10 compound. The Hall
resistivity measurements were performed at 150 K, representing the AF-I regime for all the compounds. Hall resistivity at 4 K
represents the AF-II regime for the = 0.18 and v = 0.22 compounds only. In figure (b) of the Hall resistivity measurements, o7,

represents the anomalous Hall resistivity (AHR). It is determined by taking the intercept of the linear fit of the Hall resistivity data
between —9T and —3 T.

or

such FM samples, the Hall resistivity exhibits a monotonic relationship with the magnetization of the sample
under varying magnetic fields, as mentioned in [43].

In the case of Fe-doped Mn3;Ge compounds, a small residual magnetization has been observed in the
antiferromagnetic (AF-I) regime, indicating the presence of weak FM behavior (figure 12 in the appendix).
However, [22, 37] have reported that the Hall resistivity of compounds with o = (0,0.22) in the AF-I regime
does not exhibit a monotonic dependence on isothermal magnetization. This concludes that the observed
AHR does not originate from the residual magnetization, but the non-vanishing Berry curvature, which
leads to p4; > 0. The nature of Hall resistivity of all the compounds between o =0 and o = 0.22, within the
AF-I regime, remains the same as long as the magnetic field is applied along the y axis. Therefore, it can be
concluded that the observed AHR (for B||y), in the entire AF-I regime, originates from the non-vanishing
Berry curvature [22, 44]. This also suggests the existence of Weyl points in the entire AF-I regime.

The Fe doped Mn3;Ge compound with an « value of 0.30, which exhibits notable ferromagnetic behavior
(refer to figure 12 in the appendix), also demonstrates an AHR as depicted in figure 16(a) in the appendix. By
analyzing the relationship between AHR and magnetization of o = 0.30 compound, it is evident that an AHR
of approximately 1.8 12 cm can be generated by a residual magnetization of 1.5 ug/f.u.. In contrast to this,
lower Fe doped compounds in the AF-I temperature range, show AHR > 0.8 u£2 cm, even though their

6



10P Publishing New J. Phys. 26 (2024) 033043 V Rai et al

—4=0 —o=004
~4=0.10
~0=0.18

0.03

3 -
5 1501 a=0.22 (3x) | =002
3 E
3 100] &
<b§ 100 4 <X &
° ot 2001
50 - o

o
o
S

P S BRI SR 1 1
0 100 200 300 400 0.0 0.1 0.2 0 100 200 300
T (K) o (doping fraction) T (K)

Figure 6. (a) The temperature dependence of the anomalous Hall conductivity (AHC) (o) is shown for the case where the
current (I) is parallel to the x axis and the magnetic field (B) is parallel to the y axis. The data for o = 0 is obtained from [20]. (b)
The evolution of the AHC (o2) with respect to av (doping fraction) is presented at three different temperatures. At T =4 K, the
AHC is zero for o = 0.18 and o = 0.22, and therefore not shown in this plot. The purple curves represent the exponential decay

behavior (expon.) of the AHC. (c) The Hall coefficient (Ry = %) corresponding to the @ = 0.04 and o = 0.18 compounds is
shown, indicating their distinct magnetization behavior.

residual magnetization remains below 0.030 pp/f.u.. Furthermore, examining the field-dependent
magnetization (refer to figure 12 in the appendix) of compounds with a = 0 — 0.22, we observe that the
magnitude of residual magnetization of all compounds in the AF-I regime remains nearly equal at 150 K.
However, the AHR at 150 K exhibits significant variations among all the compounds (refer to figure 5(b)).
These observations clearly indicate that the AHR observed in the AF-I regime does not originate from the
residual magnetization in these compounds but the the non-vanishing Berry curvature caused by the
existence of Weyl points within these compounds.

The anomalous Hall conductivity (AHC), which is an intrinsic quantity, is proportional to the AHR of
the sample. The AHC (02,) can be determined using p, using the relation:

e = o/ (Pxxpzz) - (1)

The Hall resistivity for compounds with o« = 0 — 0.22 was measured at various temperatures, and the
corresponding AHR was calculated. Using the AHR values at different temperatures and the relation
mentioned above, the temperature dependence of the AHC (o) was determined for these compounds, as
depicted in figure 6(a). It is noteworthy that the AHC remains non-zero throughout the AF-I regime and
becomes zero for a =0.18 and ae = 0.22 below 110 K, which corresponds to the AF-II regime. This
observation indicates the existence of Weyl points in the entire AF-I regime, which disappears in the AF-II
regime. The vanishing AHC in the AF-II regime is expected due to the underlying magnetic symmetry, as
explained in [37], suggesting a strong connection between the Weyl points and the magnetic symmetry of the
system.

In figure 6(b), it is evident that the anomalous Hall conductivity (AHC) at 130 K and 200K (in the AF-I
regime) exhibits an exponential decay pattern as the Fe doping fraction () increases. The significant
decrease in AHC with small Fe doping indicates that the Weyl points can be substantially modified by
suitable dopants in a Weyl semimetal. Similar decrease in AHC with increasing Mn concentration have also
been reported for Mn;Ge and Mn3;Sn compounds [6, 22]. The strength of the Berry curvature in an ideal
Weyl semimetal, where the Weyl points are separated by Ak in phase space, can be described by the following
equation [14, 45, 46]

A ¢
o = mAk. (2)

This implies that with an increase in Fe doping, the separation between a pair of Weyl points decreases
[14, 16]. However, since the AHE is also influenced by the relative position of the Weyl points with respect to
the Fermi surface [6], it is possible that the Weyl points move away from the Fermi surface as Fe doping
fraction increases in Mn3;Ge. Similar decrease in AHE due to increase in separation between Weyl points and
Fermi surface has been reported by [22, 47] as well. Therefore, it can be concluded that the properties of
Weyl points in Mn3Ge can be adjusted by introducing Fe dopants. To accurately determine the precise
changes in the separation between Weyl points and their relative position to the Fermi surface, a
comprehensive theoretical calculation is required.

The Hall coefficient (Ry) can be determined by calculating the slope of the Hall resistivity at high

magnetic fields: Ry = %. The values of Ry for o = 0.04 and «v = 0.18 were calculated and are shown in
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Figure 7. LMC of single-crystal samples with a = 0 — 0.22. (a)—(d) LMC along the x and z axis at 4 K and 150 K. (e), (f) Variation
of the LMC (at 1 (T) with the Fe doping fraction (c).

figure 6(c). Interestingly, unlike Mn3;Ge [20], the sign change in Ry does not occur below Ty; (325 K) for
a=0.04 down to 4 K. Furthermore, figure 6(c) demonstrates that Ry for v = 0.18 exhibits a sudden drop
near 110K, similar to the behavior observed in temperature dependent magnetization and resistivity of the
same sample. This suggests a significant increase in carrier concentration below T,, as the Mn spins flip
towards the z axis.

4.2. Magnetoconductance and planar Hall effect

The observation of AHE in the coplanar triangular antiferromagnetic (AF-I) regime underpins the existence
of Weyl points in this regime. In addition to AHE, the chiral anomaly is also a well-known phenomenon in
Weyl semimetals. Therefore, to identify the characteristic signatures of the chiral anomaly effect, we
performed LMC, angular magnetoconductivity, and PHE measurements on the Fe-doped Mn;Ge
compounds. We will discuss each of these measurements in detail below.

4.2.1. Longitudinal magnetoconductivity (LMC)

The longitudinal magnetoresistivity (LMR) of compounds with different Fe doping levels, represented by

a = (0, 0.04, 0.10, 0.18, 0.22), was measured over a temperature range starting above Ty; and down to 4 K.
LMR along the i axis (i = xz in our case) is denoted as Ap;;, and defined as: Ap; = p;i(B) — pii(0), where p;;
denotes the longitudinal resistivity. By utilizing Ap;; and the conductivity o;; = 1/p;;, the LMC, denoted as
Auoj;, can be calculated using the following relationship:

—Apji

Acjj = 0ii(B) — 0 (0) ~ 2

: (3)

LMC for various compounds, at different temperatures, was determined and shown in figure 7. The
analysis of LMC is focused at 4 K and 150 K. For compounds with o < 0.10, both temperatures lie in the
AF-I regime. However, for compounds with o = (0.18,0.22), 4 K and 150K correspond to the AF-II and
AF-I regimes, respectively. Since the presence of Weyl points is expected only in the AF-I regime, the
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discussion of chiral anomaly-induced effects will be limited to the samples and temperatures which belong to
the AF-I regime. The LMC in the AF-II regime (o = 0.18,0.22; T' =4 K), where chiral anomaly-induced
effects are not expected, is addressed in the appendix B.

Positive LMC was observed in compounds with oo = (0 — 0.22), particularly when a low magnetic field is
applied in the AF-I regime. However, the origin of this positive LMC is not easily discernible since it can arise
from various effects. The most likely factors contributing to the observed positive LMC include the current
jetting effect [48], magnetization [49], the unequal sDOS in halfmetallic/semimetallic compounds [50-55],
and the chiral anomaly effect [17]. Each of these possibilities will be discussed in detail below.

Current jetting effect: The influence of the current jetting effect was investigated in both the AF-I and
AF-II regimes of Fe-doped compounds, as described in figure 14 (appendix B). Some of the data shown in
figure 7 (AF-1 regime) is shown (in raw form) in figure 14 as well, to determine the effect of current jetting in
the AF-I regime. The raw data for o« = 0.18 at 4 K, which belongs to the AF-II regime, is also shown in the
same figure to determine the effect of current jetting in the AF-II regime. Our measurements on samples
with & =0.10 and a = 0.18 did not reveal a significant contribution of the current jetting effect to the
observed LMR in AF-I and AF-II regime. Consistent results were obtained from repeated measurements
using different sample pieces. These findings suggest that the current jetting effect plays a negligible role in
Fe-doped compounds, and the observed electrical transport effects are intrinsic. Similar observation has
been reported for Mn;Ge as well [20].

Magnetization: The role of magnetization in the LMC of Mn;Ge has already been dismissed in [20], as no
correlation between the magnitude of LMC and sample magnetization was observed. In Fe-doped
compounds, the magnetization in the AF-I regime remains similar and greater in magnitude compared to
Mn;Ge. However, the magnitude of LMC decreases significantly even with a small Fe doping fraction of 4%
in Mn3Ge. Furthermore, the magnitude of LMC at 1 T continues to decrease significantly with an increase in
Fe doping fraction (figure 7). Therefore, the role of magnetization in the observed LMC of Fe-doped Mn;Ge
compounds within the AF-I regime is considered negligible.

Unequal sDOS in semi/half-metallic compounds: According to [20], it is important to consider the
possibility of trivial magnetoconductance due to unequal sDOS, near the Fermi surface, in semi/half-metallic
compounds, which lead to the unequal spin scattering, and may result in positive LMC [50-56]. In the case
of the Fe-doped compounds with doping fractions o = 0.04 — 0.22 (figure 4), it is noteworthy that the
resistivity along the x axis is semi/half-metallic within the AF-I regime. Additionally, compounds with
o = 0.10 — 0.22 exhibit semi/half-metallic behavior along the z axis as well. The semi/half-metallic nature of
each compound can be confirmed through sDOS calculations.

Typically, metallic compounds exhibit negative LMC, while semi/half-metallic compounds show positive
LMC [55]. In the case of the Fe-doped compounds, they exhibit semi/half-metallic resistivity along the x axis
in the AF-I regime, which justifies the observed positive LMC (figures 7(a) and (c)). However, compounds
with & =0 and a = 0.04, which are metallic along the z axis, also display positive LMC along the same axis at
both 4 K and 150K (figures 7(b) and (d)). Consequently, the role of unequal sDOS alone cannot
satisfactorily explain the observed positive LMC within the AF-I regime. Therefore, it can be concluded that
the role of unequal sDOS in explaining the observed positive LMC within the AF-I regime is not sufficient
and requires further investigation and consideration of other factors.

Chiral anomaly effect: Figures 7(a)—(d) provides clear evidence of a positive LMC signature along both
the x and z axes in all Fe-doped compounds within the AF-I regime. The decrease in LMC along the x axis for
a =0, beyond 1.5 T at 4K and 150 K, can be attributed to the semi/half-metallic nature of Mn;Ge [20].
However, this decrease is not observed beyond 4% Fe doping, indicating that impurities can affect the sDOS
near the Fermi surface, which typically leads to a negative slope in LMC for metallic systems.

Positive LMC induced by the chiral anomaly has been reported previously in Mn3;Ge and Mn3Sn [4, 6,
15]. Given that the doped compounds in the AF-I regime also exhibit positive and increasing LMC, it is
plausible to suggest that the origin of the positive LMC within the range of & = 0 — 0.22 in the AF-I regime is
the chiral anomaly effect.

Figures 7(e) and (f) presents a comparison of the LMC evolution at 1 T with varying Fe doping fractions
(). It is evident that the LMC along the x and z axes experience a sharp decrease as Fe doping increases at
4 K. Similarly, even with a 4% Fe doping, the LMC exhibits a significant reduction at 150 K. This abrupt
decline in positive LMC, despite minor impurity doping, can be attributed to the chiral anomaly-induced
LMC phenomenon. Previous studies [4, 6] have suggested that the position of Weyl points relative to the
chemical potential () is sensitive to impurities. Furthermore, according to [17, 18], the chiral
anomaly-induced LMC (A0 pira1) is inversely proportional to 1%, expressed as Ao hiral o ﬁ Thus, the
sudden decrease in LMC at 1 T following a small amount of Fe doping implies that the LMC in doped
compounds may originate from the chiral anomaly effect.
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Figure 8. YMC for ov = 0 — 0.22 compounds with sample rotated from x axis, towards the y axis as shown in (a). {MC for

a =(0,0.04,0.10,0.18,0.22), measured at 1 T, is compared at 4 K and 150 K in (a) and (b) respectively. (c) Evolution of
magnitude of IMC (AcMC) with temperature and magnetic field. Here, Ac™C signifies the magnitude of oscillation determined
by 0(0°) — 0(90°), keeping the magnetic field and temperature constant. (c) Inset: Evolution of YMC magnitude with Fe doping
fraction (), compared at 4K, 150 K, and 200 K. (d) Evolution of the magnitude of 9MC with the magnetic field.

It is worth noting that positive LMC is also observed in the AF-II regime, at low field, as depicted in
figure 15 in the appendix. However, the chiral anomaly-induced LMC is not expected to be present in this
region because of the lack of evidence of Weyl points in the AF-II regime [37]. Therefore, the presence of the
chiral anomaly effect cannot be solely justified based on the positive LMC observed in the AF-I regime, and
further investigations are required to justify the evidence of the chiral anomaly effect in Fe doped
compounds.

4.2.2. Angular magnetoconductivity (6MC)

The detection of anisotropy in angular magnetoconductivity (/MC) measurements is a prominent
indication of the chiral anomaly effect, as discussed in [16] and [18]. Therefore, we carried out {MC
measurements on compounds doped with & = 0 — 0.22. As mentioned in [3, 20, 37], the magnetization
along the x and y axes remains nearly the same for parent and 22% Fe doped Mn3;Ge compounds, whereas, it
differs significantly along the z axes (section 3). Along with the chiral anomaly effect, the anisotropy in
magnetization within a particular plane can also lead to the observation of anisotropic magnetoconductivity
if measured within the same plane. Consequently, to eliminate the contribution of magnetoconductivity
arising from the difference in magnetization along the x and z axes, we performed the fMC measurements
exclusively within the x—y plane. This choice was made due to the similar magnitude and behavior of
magnetization observed along the x and y axes.

The setup for the MC measurement is illustrated in figure 8(a), where the LMC of the sample was
measured along the x axis while rotating the sample in the x—y crystallographic plane. The x axis of the
sample was oriented at an angle 6 with respect to the applied magnetic field. Here, 6 = 0 represents the
longitudinal magnetoconductance (LMR), while § = 90° corresponds to the magnetoconductance where the
applied magnetic field is perpendicular to the electric current direction.

The /M C measurements were performed on the compounds with Fe doping fractions & = 0 — 0.22 at
constant temperatures and magnetic fields. Figures 8(a) and (b) shows the observed angular anisotropy in
OMC for most of the compounds. The {MC values at 1 T for different compounds are compared at 4 K and
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150 K. At 4 K, angular anisotropy in IMC was observed only for o = 0,0.04,0.10 compounds. In contrast, at
150K, significant angular anisotropy in MC was observed for all the compounds within the range of
a=0-—0.22.

For compounds with a small LMC (A0 (B) = (0xx(B) — 01x(0)) << 01(0))), the chiral
anomaly-induced §MC can be described by the following equation [16, 18, 57]:

Oxx (0) — 0yx (L) = AUECCOSZQAUXC = (U}:/IXC e UJI:/[XC (J_)) (4)

where, AcMC€ correspond to the magnitude of angular variation of #MC. Ideally, at constant temperature,
AcME(B) = (04x(B)o=00 — 0xx(0)g=00 ). However, it may differ due to the presence of a transverse
magnetoconductivity, which is generally non-zero in most cases.

From figures 8(a) and (b), it can be observed that the #MC for almost all the compounds fits well with
equation (4). Using this fitting, Ac™C was determined for all the compounds at various temperatures and
compared in figure 8(c). Notably, the non-zero magnitude of §MC is observed only in the temperature and
doping regime where the magnetic structure is similar to Mn3Ge, i.e. in the AF-I regime. MC becomes
negligible for v = (0.18,0.22) below approximately 110 K, which is close to the Ty; of the corresponding
compound.

The evolution of Aaxl\fcc, at constant temperatures, with Fe doping fraction is also shown in the inset of
figure 8(c), revealing a significant decrease in Ac™M® with Fe doping, similar to the LMC of the same
compound (figures 7(e) and (f)). This suggests that the origin of angular anisotropy in MC is likely to be
the chiral anomaly effect, which is possibly responsible for the positive LMC observed in these compounds in
the AF-I regime. Additionally, it was observed that Ac™C for a > 0.04 increases almost linearly with the
increase in magnetic field (figure 8(d)), which is expected in the case of chiral anomaly effects in type-11 Weyl
semimetals [5]. This suggests that the Fe-doped compounds may also host type-1I Weyl points, similar to
Mn;Ge, within the AF-T regime [7]. The decrease in AcM¢ with magnetic field for a = 0 has been explained
in [20].

4.2.3. Planar Hall effect (PHE)

The Planar Hall conductivity, also known as the PHE, was measured for the compounds with Fe doping
fractions &« = 0 — 0.22 by rotating the magnetic field within the x-y plane, as depicted in figure 9(a). The
measurements were performed within this plane for the same reasons mentioned earlier for the {MC
measurements.

PHE measurements were conducted at 4 K and 150 K with an applied magnetic field of 1 T. The PHE data
for various compounds are presented in figures 9(a) and (b). Similar to the #MC results, PHE oscillations
with a 180° periodicity are observed at 4 K for &« = 0 — 0.10, but they disappear for higher doping fractions.
However, at 150 K, PHE oscillations are observed for all the compounds within the measured range of
a=(0-0.22).

The angular dependence of chiral anomaly-induced PHE, at a given magnetic field and temperature,
follows the relation [18]:

o™ (0) ~ Aopy ™ [sinf cos 6] (5)

Here, Aomx ™® represents twice the magnitude of the PHE oscillations. Ideally, at a constant
temperature, Acsy ™ (B) = (0xx(B)o=0 — 0xx(0)9=0), similar to the magnitude of the {MC.
As shown in figures 9(a) and (b), the PHE data fit reasonably well with equation (5). Furthermore, the

evolution of Aoty ™ for all the doped compounds at 1 T is analyzed in figure 9(c). It is interesting to

observe that Aoy ™ varies with temperature and doping fraction («) in a similar manner as observed in
the case of IMC (compare figures 8(c) and 9(c)). Once again, it is evident that the PHE is present only in the
AF-I regime. Additionally, the PHE significantly weakens with an increase in Fe doping, similar to the
observations in LMC and MC. Moreover, as depicted in figure 9(d), AU,E,IC' M8 shows a roughly linear
increase with the magnetic field at 150 K, which aligns with the field dependence of IMC (figure 8(d)).

Analysis: The similarity in the magnitude of the PHE (Aowy ™ (B, T,)) and the magnitude of the
LMC (AcMC(B, T, ) can be attributed to their common origin from the chiral anomaly effect [5, 16-18,
57]. The observation of both {MC and PHE only within the AF-I regime suggests that their possible origin is
the chiral anomaly effect. The significant decrease in the magnitude of #MC, PHE, and LMC with Fe doping
further supports the role of the chiral anomaly in the observed behavior of #MC and PHE. This weakening of
the effects also implies that the Weyl points move significantly further from the Fermi surface as the Fe

doping fraction increases in Mn;Ge.
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Figure 9. PHE for different compounds (cv = 0 — 0.22) at 4 K and 150 K is shown in (a) and (b), respectively. The measurements
were performed at 1 T of the applied magnetic field. The setup for the PHE measurement in the x — y plane is illustrated in (a).

mag.

(¢), (d) Variation of PHE magnitude (Aaﬂ' ) with temperature and magnetic field. In this case, AU}:}; is determined by the

data fitting using the equation (5). (c) Inset: Evolution of magnitude of PHE oscillation (Aaﬂ' ") with o (doping fraction).

5. Conclusion

Extensive studies were conducted on the magnetization behavior of both the parent Mn;Ge compound and
Fe-doped Mn3;Ge compounds. The results showed that compounds with Fe doping fractions up to o =0.26
exhibit magnetization and magnetic structure similar to Mn3;Ge, within the AF-I temperature regime.
Notably, intermediate Fe-doped compounds displayed magnetization behavior that differed significantly
from that of Mn;3Ge.

Further investigations focused on the electrical transport properties of compounds with Fe doping
fractions ranging from a = 0 to v = 0.22. The AHE was found exclusively within the AF-I regime for all these
compounds. Signatures of Weyl points were observed in a significantly large fraction of Fe doping, which
highlights the robust and topologically protected nature of Weyl points in doped compounds. The AHE
weakened considerably with increasing Fe doping concentration, indicating changes in the separation of
Weyl point pairs and the position of Weyl points relative to the chemical potential as the Fe doping levels
increased [14, 58].

Furthermore, positive LMC, non-zero §MC, and PHE were observed in the AF-I regime of the doped
compounds. Analysis suggested that these effects likely originated from the chiral anomaly phenomenon.
However, additional experimental and theoretical investigations are necessary to precisely determine the
contributions of the chiral anomaly and other effects in the observed electrical transport features within the
AF-I regime. The weakening of LMC, 6MC, and PHE with increasing Fe doping implied that the Weyl points
moved further away from the chemical potential as the Fe doping fraction in Mn3Ge increased [58]. In
conclusion, appropriate doping in the parent Weyl semimetallic system can significantly control the
characteristics of Weyl points.

It is noteworthy that the AHE and all other effects, which can be associated with the chiral anomaly,
completely vanish in the AF-II regime, which corresponds to a collinear AFM magnetic structure, as shown
in the phase diagram. This clear absence of Weyl points in the AF-II regime indicates that the existence of
Weyl points in Fe-doped Mn3;Ge compounds, as well as similar compounds, is dictated by the magnetic
symmetry of the compound.
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Appendix A. Sample characterization

A.1. X-ray diffraction and magnetization

X-ray powder diffraction of different compounds is shown in figures 10(a)—(f), and corresponding lattice
parameters are shown in figure 10(g). Along with the hexagonal phase, a small amount of the tetragonal
(impurity) phase (2%-4%) was also observed in o = 0,0.04 compounds. The compound with oo = 0.30
contains two tiny impurity peaks, which could not be fitted with the space group symmetry—P63 /mmc.

| @=0.00 (Mn;Ge)
@ 2= 181

L l U =obs. ecal. 4diff. e
[ TR T e i o]

@=004 =31
| Bragg position (Hex.) -

[
[ U | Bragg position (Tet.) |

Py b nn g 1
o

vt .

%=0.10 ¥=185
U Y N

L R L

5 —(d)§§§ 0=018 =247 A
o
& \LJLJ
;E‘ L [ i I Hl I 1A
% ” 1 1
€[ (e ]
0=022 £=177
S Y S
I (l I Frnel I [ ]
) a=030 =214
impurity peaks
g merty peaks
I J I ‘I I [ I I\IJ 1
E Il " " 1 " L 1 =
30 45 60 75
29 ()
T (g) 1 '1'07' * T I' i I' i I|
L a i
F 2 RN
5350 {\1 Zroab w1430

:'\' S .l "

r Loooolaaaaleool

5.325¢ 101 6860505

© 5.300 E 4/.\‘\ /_ 4_285%
C ™~

5275} .<£
L1 1 1 1
5280 00 07 02 03 4.260

a

Figure 10. (a)—(f) Room temperature x-ray powder diffraction (XRPD) of & = 0 — 0.30 compounds. The arrows signify
unknown impurity peaks. The goodness of the fitting parameter, x2, for each compound is mentioned in each plot. Obs., cal.,
implies the observed and calculated XRPD pattern. Diff. shows the difference between observed and calculated intensity. Hex. and
Tet. denote hexagonal and tetragonal phases, respectively. (g) Variation of lattice parameters with the doping fraction (). Inset:
Variation of the lattice volume with .

Laue diffraction of the & = 0.22 compound corresponding to x-ray beam incident along the z and y axes
are shown in figure 11. 6-fold diffraction spots (in figure 11(a)) implies that the single-crystal synthesized in
a hexagonal phase.
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Figure 11. Laue diffraction pattern corresponding to the x-ray beam along the (a) z [0001] axis and (b) y [0110] axis, respectively,
of the single-crystal o =0.22.
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Figure 12. (a)—(f) Field dependent magnetization of the single-crystal (sc) compounds with « = 0,0.10,0.22 in the case of B
applied along the x and z axes. (g), (h) Field dependent magnetization of the polycrystalline (poly) oo = 0.26,0.30 compounds.

Field dependent magnetization, M(H), of a few selected compounds is shown in figure 12. Since the
M(H) for « =0.04 and o = 0.18 is similar to the M (H) for o =0 and « = 0.22, respectively, the M (H) for
a = (0.04,0.18) is not shown.

Appendix B. Electrical transport

Low field Hall resistivity: Tow field Hall resistivity of & = 0 — 0.22, at 150 K, is shown in figure 13. It can be
observed that the Hall hysteresis remains below 0.02 T for all the compounds. The Hall resistivity shows
saturation with the application of just 0.02 T of the magnetic field.

Current jetting effect in the LMC measurement: The current jetting effect in the LMC of the Fe doped
(a=10.10,0.18) compounds was measured. We mention that compounds with « =0.10 and & = 0.18 lie in
the AF-I at 130 K and 150 K. Therefore, the behavior of LMC at 150 K (shown in figure 7 is same as the
behavior of LMC at 130 K shown in figure 14. To determine the effect of current jetting, the two different
voltage contacts (near edge, and center) were prepared on each sample, as shown in figures 14(a) and (b).
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Figure 14. LMC (raw) data for o = 0.10,0.18 samples. The measurements were performed with different voltage contacts as
shown in (a), (b). In (a), (b), sky blue circles enclose the contacts at the ‘center’ of the sample, and the rectangular (orange) region
encloses the contacts at the ‘edge’ of the sample. (c) and (d) show LMC along the x axis at 4 K and 130 K, respectively. At both
temperatures, LMC was measured by the ‘edge’, and ‘center’ voltage contacts (shown in (a), (b)).

The LMC of the sample, with the magnetic field applied along the current direction (x axis), was measured
corresponding to both the contacts, as shown in figures 14(c) and (d). It can be observed that the LMC at 4K
remains very similar, even if one of the voltage contacts is off-centered. A similar observation was made at
130 K as well. This justifies that similar to the parent compound, current jetting does not have a significant
effect in the Fe doped Mn;Ge compounds (up to o =0.22).
LMC in the AF-II regime: At 4K, compounds with o = (0.18,0.22) correspond to the AF-II regime,
where AHE vanishes. Also, we have observed in the main text that the amplitude of IMC oscillation (at 4 K)
for & = 0.18,0.22 compounds is negligible. This implies that the conductivity in these samples, at 4 K, is
independent of the direction of the magnetic field relative to the electric field (current). These observations
clearly suggest that the chiral anomaly effect and Weyl points are not present in the AF-II regime of the Fe
doped compounds. As shown in figure 15, LMC along both the x and z axes initially increases with an
increase in the magnetic field. However, LMC starts to decrease at higher fields. Since chiral anomaly is not
expected at this temperature (in this compound), the low field increasing LMC might originate due to the
weak localization in the compound [59, 60]. However, further studies are required to determined its true
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Figure 15. LMC of the compounds with o = (0.18,0.22) in AF-II regime (4 (K).
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Figure 16. (a) Combined plot for the Hall resistivity and magnetization of the a = 0.30 (polycrystalline) sample, at T'= 100 K.
‘Mag’ and ‘Hall’ represent the magnetization and Hall resistivity, respectively. (b) LMC (B||I) for the o = 0.30 (polycrystalline)
compound. 100 K and 300 K data represent LMC below and above the FM ordering temperature (Tc = 200 (K), respectively.

AHE and LMC in the FM regime (o = 0.30):It is important to note that positive LMC and large AHE have
been observed in the case of polycrystalline aw = 0.30 compound as well (figure 16). Since the compound
with o =0.30 is FM [34], the observation of positive magnetoconductivity and AHE is expected [43, 49]. In
FM compounds, AHE originates from the residual magnetization of the sample [43, 61]. We have plotted
field dependent magnetization and Hall resistivity together in figure 16(a), where it can be observed that the
Hall resistivity almost scales with the magnetization of the compound. This justifies that the AHE observed
in this compound originated from the residual magnetization of the sample. Moreover, positive LMC is very
common in ferromagnetic materials. Therefore, the observed negative LMC in figure 16(b), at 100 K, is most
likely driven by the magnetization of the sample [49, 55].
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