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The Fe;Ga alloy with D0; phase has been reported to exhibit remarkable anomalous transport properties
arising from the topological nontrivial nodal lines. In this study, the effect of Mn doping on the magnetic,
electronic, and anomalous transport properties of polycrystalline Fe;_,Mn,Ga (x =0, 0.4, 0.6, and 1) are
investigated. As the Mn doping level increases, the saturated magnetization at 10 K gradually decreases, while
the anomalous Hall resistivity o2 shows a significant increasing trend, reaching a maximum value of 7.2 uQ2 cm
in Fe;MnGa. The analysis of anomalous Hall effect (AHE) based on the expanded scaling mechanism proposed
by Tian et al. [Phys. Rev. Lett. 103, 087206 (2009)] suggests that the AHE in Fe;Ga is dominated by intrinsic
mechanism, with an intrinsic anomalous Hall conductivity (0;;‘.‘) of 288 S/cm. In samples with x = 0.4, extrinsic
impurity and phonon scattering cannot be neglected and o, decreases to 174 S/cm. As x increases to 0.6, the
intrinsic mechanism vanishes and the extrinsic impurity and phonon-scattering mechanisms become dominant
in the AHE. A further enhanced extrinsic scattering in the AHE is observed in Fe,MnGa at low temperature
with an anomalous Hall conductivity of 237 S/cm at 10 K. From ab initio calculations, we notice a o™ peak
of 2310 S/cm locates approximately —0.5 eV below Fermi level (Er) in Fe;Ga alloy, originating from the six
linked nodal rings. When one Fe atom is substituted by Mn, this peak shifts to 0.5 eV above Ef in Fe,MnGa. We

propose that partially doping Fe with Mn in Fe;Ga may tailor the large peak of o,
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I. INTRODUCTION

Iron-rich binary alloys possess rich physical properties and
have extensive applications in various fields, such as spin-
tronics, thermoelectricity, and magnetic actuation [1-3]. In
the past decades, the Fe-Ga alloys have attracted considerable
attention for their magnetostriction with outstanding charac-
teristics of low-temperature dependency and low-saturation
magnetic field, having significant applications in underwater
sonar and precise control of robots [4,5]. Under a suitable heat
treatment, Fe-Ga alloy crystallizes into ferromagnetic D03
phase with a space group of Fm3m when the Ga content falls
within the range of 23-26% [5-7]. Along the body diagonal,
atom position of DO; phase is defined as A (0, 0, 0), B (1/4,
1/4,1/4),C (1/2,1/2,1/2), and D (3/4, 3/4, 3/4), forming a
body-centered cubic (bcc) structure. Very recently, it has been
observed that the stoichiometric Fe;Ga alloy with D03 phase
exhibits a large anomalous Hall effect (AHE) and anomalous
Nernst effect (ANE) due to the large Berry curvature (BC)
around the L point in momentum space [2]. This large BC
originates mainly from a nodal web, i.e., a flatband structure
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"t around Ef.

made of the interconnected nodal lines from valence- and
conduction bands, when including spin-orbit coupling (SOC).

The mechanism of AHE is generally thought to involve
both intrinsic and extrinsic contributions, and the topology
concepts of band structures offer a profound understanding for
researchers in the intrinsic mechanism. It is proposed that the
intrinsic anomalous Hall conductivity (AHC) is determined
by the integral of BC of the occupied Bloch states in the
whole first Brillouin zone [8—10]. Alloys with band structures
characterized by nonzero topological invariant are defined as
nontrivial topological materials, such as Weyl nodes, Dirac
nodes, and nodal lines, generating significant BC in the pres-
ence of SOC. Therefore, a large AHE can be observed in
experiments when these topological band structures are lo-
cated just at or very close to the Fermi level, Eg. For instance,
in typical Weyl semimetals Cos3Sn;S, [11] and Co,MnGa
[12], the experimental values of the AHC reach 1310 and 1530
S/cm, respectively. Our previous study showed Fe;Ge with
hexagonal structure possessed nodal lines near Eg [13], which
generated the AHC of 175 S/cm at 5 K. It has been reported
that the nodal planes (lines) exist in hexagonal Fe;Sn [14],
which can produce a large AHC of —500 S/cm at 200 K. Lv
suggests that the cubic Fe;gAljp exhibits an intrinsic compo-
nent of —374 S/cm originating from nodal lines around Ep
[15]. The hexagonal Fe;Sn; hosts an intrinsic AHC compo-
nent of about 200 S/cm above room temperature associated

©2024 American Physical Society


https://orcid.org/0000-0003-2029-2867
https://orcid.org/0000-0002-5498-993X
https://orcid.org/0000-0002-7732-7736
https://ror.org/02egmk993
https://ror.org/04f49ff35
https://ror.org/05cvf7v30
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.104407&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1103/PhysRevLett.103.087206
https://doi.org/10.1103/PhysRevB.110.104407

LI LIU, WANG, LIU, AND LIU

PHYSICAL REVIEW B 110, 104407 (2024)

with the Dirac bands [16]. The extrinsic mechanism of AHE
comprises two scattering types: the skew scattering [17,18]
and the side jump [19], both of which involve the scattering
of conducting electrons by the impurity under SOC. Doping
with a new element may influence both the intrinsic band-
topology property and the extrinsic scattering process, leading
to changes in the contributions of extrinsic and intrinsic mech-
anisms to the AHE. For instance, in single-crystal Co;_,Fe, S,
with x = 0.05, the experimental AHC reaches 2500 S/cm,
significantly larger than that of CoS, [20]. The calculation
suggests that the improvement of AHC is attributed to the
tuning of Er to four BC hotspots, namely Dirac point, re-
sulting from doping with Fe. Partially replacing Co with
Fe element in Co3Sn,S, can increase the AHC from 1310
to 1800 S/cm by enhancing extrinsic scattering contribution
while maintaining the band topology [21]. In Heusler alloy
MnPt;_,Ir,Sn, the dominant component of AHE shifts from
extrinsic to intrinsic as the doping content x increases from 0
to 0.5 [22]. Yang et al. have reported a transition from intrinsic
to extrinsic mechanism in PrAlGe, _,Si, when x > 0.5 [23].

Substituting Fe;Ga alloy with a different transition element
can lead to various electronic and magnetic properties, making
it a topic worthy of investigation. Seema et al. suggest that
Fe,CoGa alloy, with Co substitution, demonstrates half metal-
licity with 100% spin polarization [24]. It has been reported
that face-centered cubic (fcc)-Fe,MnGa with L1, phase un-
dergoes a ferromagnetic to antiferromagnetic transition [25]
as well as an obvious exchange-bias effect [26]. Our previous
research studied the complex phase evolution of Mn-doped Fe
in Fe;Ga under different annealing conditions [27]. Azar et al.
reported that in Fe;_ Mn,Z (Z = Al, Ge, and Sb) Heusler
alloys, the introduction of Mn atoms led to a reduction in
the magnetic moment of Fe atoms, and resulted in significant
decrease in the total magnetic moment [28]. This reduction in
atomic moment weakened the exchange splitting between two
spin channels, and caused the movement of Eg in both spin
channels. This provided a way to tune the Eg position and to
study the related physical properties in a ferromagnetic mate-
rial. However, anomalous transport properties of Fe;_,Mn,Ga
have not been studied in the literature. Therefore, in this work,
we experimentally and theoretically investigated the effect
of Mn doping on the magnetic, electronic, and anomalous
transport properties in Fe;_,Mn,Ga (x = 0, 0.4, 0.6. and 1)
alloys. Furthermore, from ab initio calculation, we focused on
a large peak of o™ below Ef in Fe3Ga alloy, which shifted to
above Er in Fe;MnGa alloy. We propose that partially doping
with Mn atom in Fe;Ga alloy could be a way to tune the peak
of o' toward E.

II. EXPERIMENTS AND CALCULATION

Bulk materials Fe;_,Mn,Ga (x = 0, 0.4, 0.6, and 1) were
prepared by traditional arc melting from high-purity elements
in an ultrahigh-purity argon atmosphere. Each sample was
flipped and remelted several times to achieve good chemical
homogeneity. The obtained ingots were annealed under dif-
ferent conditions. The Fe;Ga alloy was quenched at 1073 K
after 3 days of annealing, while samples with x = 0.4 and
0.6 quenched at 623 K also following 3 days of annealing.
The Fe,MnGa sample was not subjected to heat treatment.

All samples were characterized by x-ray-diffraction (XRD)
technique using a Rigaku Smartlab3 instrument with Cu-Ko
source, and all samples exhibited bec structure (see Fig. S1
in Supplemental Material [29]). The transport and magnetic
properties measurement were carried out using the Quan-
tum Design Physical Properties Measurement System. The
polycrystalline samples were cut into rectangular sheets and
milled into a thin slice with the thickness of ~150 um. Both
the transport and magnetic properties were measured on the
same sample with the magnetic field perpendicular to the slice
surface. The six-probe method was used for the longitudinal
and Hall resistivity measurements.

To investigate the electronic property of stoichiometric
Fe;_,Mn,Ga, the Vienna Ab initio Simulation Package (VASP)
[30] based on a density-functional theory was employed.
The exchange-correlation interaction was described by the
generalized gradient approximation [31] of Perdew-Burke-
Ernzerhof [32]. To achieve good convergence, the plane-wave
cutoff energy was set to 500 eV and the self-consistent field
was 107" eV. We projected the Bloch wave functions into a
maximally localized Wannier function and constructed a tight-
binding model Hamiltonian. We considered the d orbitals of
Fe and Mn atoms, as well as s and p orbitals of Ga atom to
obtain the Wannier functions. By employing this model, we
evaluated the intrinsic AHC and BC using WANNIERI0 [33]
and WANNIERTOOLS [34].

III. RESULTS AND DISCUSSION

The parent alloy Fe;Ga was demonstrated as a pure D03
phase after being annealed at 800 °C, as depicted in the inset
of Fig. 1(a). Through doping, Mn atoms tended to substitute
Fe atoms in the B site and the samples Fe;_,Mn,Ga with
x = 0.4, 0.6, and 1 maintained the bcc structure like Fe;Ga.
Figure 1(a) shows the longitudinal resistivity p,, as a function
of temperature from 350 to 10 K. Obviously, the residual
resistivity pyo of the samples monotonically increased from
14 to 174 u2 cm as x increased from O to 1, indicating the
increased scattering effect of Mn doping on carriers. Each
sample exhibited a positive temperature coefficient of resis-
tance (TCR), indicating metallic behavior, while the TCR
gradually decreased with Mn doping. The residual resistivity
ratio (RRR) was defined as p300 k/p10 k- In general, materi-
als with higher RRR values signify higher purity and fewer
impurities. In Fe;Ga, the RRR was 7.57, and the squarelike
variation of p,, at low temperatures (7' < 100 K) indicated
that electron-magnon scattering played a significant role. The
RRR gradually decreased to 1.39, 1.24, and 1.06 for sam-
ples with x = 0.4, 0.6, and 1, respectively. This decrease in
RRR was attributed to the introduction of Mn atoms as the
impurities. Notably, the increase in p,, of Fe;MnGa was
significantly smaller than that of the other three samples. In
fact, the p,, of the sample with x = 0.6 even surpassed that of
Fe,MnGa in high-temperature range. The pseudogap at Ep of
Fe,MnGa in spin-down channel [see Fig. 5(d)] suggested the
localization of electrons, which might have been the reason
for the lower TCR in Fe;MnGa. On the other hand, since
fcc-Fe;MnGa exhibited a negative TCR (see Fig. S2 in Sup-
plemental Material [29]), the small amount of fcc-Fe,MnGa
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FIG. 1. (a) Temperature dependence of the longitudinal resistivity p,, for Fe;_,Mn,Ga (x = 0, 0.4, 0.6, and 1), and the inset shows the
diagram of crystal structure for DO; and L2, phase. Magnetic-field dependence of magnetization at different temperatures for Fe;_,Mn,Ga
with (b) x =0, (c) x = 0.4, (d) x = 0.6, and (e) x = 1. (f) The saturated magnetization was at 10 K for all samples.

impurity could have also contributed to the reduction of the
TCR in the Fe;MnGa sample.

Figures 1(b)-1(e) show the initial magnetization curves
measured at different temperatures. It is evident that all the
samples exhibited a saturation behavior within 15 kOe, and
the saturation magnetization (Ms) could be obtained as the
intercept by linearly extrapolating from the saturated data
to zero field. In Fe;Ga alloy [Fig. 1(b)], the maximum Mg
reached 143 emu/g (6.077 ug/f.u., where f.u. is formula units),
at a low temperature of 10 K. The M showed a slight decrease
as the temperature increased, indicating the Curie temperature
(Tc) was well above 300 K, consistent with the previous study
that the T¢ of Fe;Ga was 720 K [35]. In sample with x = 0.4,
due to the introduction of Mn-Fe antiferromagnetic coupling,
the value of Mg decreased to 110 emu/g at 10 K, which
corresponded to 4.668 ug/f.u., as shown in Fig. 1(c). When
doping content x = 0.6, the M at 10 K further decreased to
87 emu/g (3.689 pg/f.u.). Furthermore, Mg decreased faster
than sample with x = 0.4 with the increased temperature [see
Fig. 1(d)]. For Fe;MnGa sample [see Fig. 1(e)], it was found
that the saturation field increased in low-temperature range,
and the Mg at 10 K was 62 emu/g, which corresponded to
2.625 ug/f.u., much smaller than those of above three samples.
As our ab initio calculation indicated, with doping content
x increased, the alloy transitioned from ferromagnet (x = 0)
with 6.07 pg/f.u. to ferrimagnet (x = 1) with 2.01 pg/fu,
consistent with previous study [36]. The experimental value of
Fe,MnGa was higher than theoretical value 2.01 pg/f.u. The
atom disorder in the real samples was inevitable, which should
be responsible for the experimental moment deviation from
the theoretical calculation value. Xin ef al. proposed that the
swap disorder between Fe (A) and Mn (B) in Fe,MnGa could
significantly enhance the total moment. This enhancement
was attributed to the fact that this type of disorder could be
seen as an intermediate state between L2; and XA phase; the

XA phase possessed a high moment of 7.5 ug/f.u. [36]. Go
et al. suggested that in Cr doping Fe3Sip5Alg 5 alloy, a small
disordered Cr occupation on A and C sites led to an increase in
total magnetic moment compared with the ordered structure
[37]. We did not observe any obvious Curie transition with
rising temperature in Fe,MnGa, indicating that 7c was higher
than 300 K, which was quite higher than 7¢ of 185 K reported
by Xin et al. [36]. It can be noticed in Fig. 1(e) that the
magnetization of Fe,MnGa sample exhibited an unsaturated
characteristic at low temperatures and approached the nearly
same value at 50 kOe at different temperatures, different from
the other samples. To elucidate this characteristic, the hys-
teresis loops of magnetization were measured (see Fig. S3
in Supplemental Material for details [29]; see also Ref. [38]
therein). At 10 K, the sample was difficult to saturate and
reached 93 emu/g at 90 kOe. As the temperature increased,
the magnetization increased more rapidly with the field but
reached a lower value at 90 kOe. Consequently, the M—H
curves at different temperatures intersected at 54 kOe, leading
to the nearly identical value at 50 kOe in Fig. 1(e). Since
the fcc-Fe,MnGa exhibited antiferromagnetic property at low
temperatures, and underwent a field-driven transition to fer-
romagnetic at 150 K, the unsaturated characteristic of our
Fe,MnGa sample at low temperatures was attributed to the
presence of a small amount of fcc-Fe,MnGa impurity, as char-
acterized by XRD (see Fig. S1 for details [29]). Figure 1(f)
displays the Mg at 10 K, which exhibits a decreasing tendency
as Mn content increases.

Figure 2 shows the Hall resistivity oy, as the function of
magnetic field at different temperatures. In sample Fe;Ga
[Fig. 2(a)], the py, at high field was almost close to zero
at 10 K, and gradually increased as temperature rose, and
reached 2.22 u2 cm at 300 K. In sample with x = 0.4 as
shown in Fig. 2(b), the high-field p,, significantly increased
to about 2.9 u2 cm at 5 K, and then continued to increase as
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FIG. 2. (a)-(d) Magnetic-field dependence of transverse resistiv-
ity pyy for Fe;_Mn,Ga with x = 0, 0.4, 0.6, and 1, respectively.

temperature rose. For sample with x = 0.6 as shown in
Fig. 2(c), high-field p,, increased to 4.6 u€2 cm at 10 K, and
increased to the maximum of 5.3 u€2 cm as temperature rose
to 150 K. For Fe,MnGa (x = 1) shown in Fig. 2(d), the satura-
tion field increased mildly below 150 K, which was similar to
that of magnetization curve. The py, reached 9.5 u&2 cm at 90
kOe, and slightly decreased to 8.9 u€2 cm as temperature rose
to 150 K. It is worth noting that the p,, — H curves also exhib-
ited the similar crossing behavior as M — H curves, as shown
in Fig. 2(d). This is because p,, was dependent on the magne-
tization. The py, hysteresis loops of Fe;_,Mn,Ga for x = 0.4,
0.6, and 1 were measured at 10, 150, and 300 K, as shown in
Fig. S4. For samples with x = 0.4 and 0.6, the p,, exhibited no
hysteresis for all temperatures, and showed the soft magnetic
properties. In contrast, the py, of the Fe;MnGa sample, shown
in Fig. S4(c), displayed coercivity with coercive field Hc of
approximately 3 kOe, consistent with the M — H hysteresis
loops. Notably, this hysteresis behavior disappeared when the
temperature reached 300 K.

According to the empirical formula, py, consisted of or-
dinary Hall resistivity and anomalous Hall resistivity (p;‘y),
which could be written as p,, = pg, + o, = RoH + RsjioM,
where Ry, Rs, and M were ordinary Hall coefficient, anoma-
lous Hall coefficient, and the magnetization, respectively. By
linearly extrapolating from the saturated data to zero field,
the intercept of zero field and the slope corresponded to ,o;‘y
and Ry, respectively. The p2 at different temperatures for all
samples are presented in Fig. 3(a). In the Fe;Ga alloy, pfy
was rather small, with a value of 0.065 u2 cm at 10 K, and
gradually increased with temperature, which finally reached
2.2 u2 cm at 300 K. ,ofy of all samples increased with in-
creasing Mn content at specific temperature, and reached a
maximum value of 7.2 u2 cm at 120 K in Fe;MnGa. The
Ry and carrier concentration (n) were related by relationship:
Ry = 1/ne. The n of samples with x = 0, 0.4, and 0.6 were
calculated, which were on the order of 10?° cm™2 (see details
in Part IV in the Supplemental Material [29]).
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FIG. 3. (a) Temperature dependence of anomalous Hall resistiv-
ity pj. The variation of pf, with p,, and the fitting curve for (b)
x =0, (c)0.4, and (d) 0.6.

In order to clarify the anomalous Hall contribution of dif-
ferent mechanisms, we plotted ,o;‘y VS oy, curves and fitted
[Figs. 3(b)-3(d)] them using the expanded fitting equation
proposed by Tian et al. [39], ,ofy = d puo + @ pur + bp>,.
Here, the p7 = pxx — Pxo Was the phonon-induced resis-
tivity contribution. The parameters a’ and a” were related
to impurity-induced and phonon-induced skew scattering,
while parameter b represented the combined side jump and
intrinsic Berry phase contribution. In Fe;Ga, as shown in
Fig. 3(b), the parameters d’, @”, and b were 0.007, —0.001,
and 288 S/cm, respectively, where the near-zero ¢’ and a”
indicated the negligible corresponding skew-scattering con-
tribution. The side-jump contribution could be estimated by
(e?/ha)(sso/Er), where h, a, and sso were, respectively,
Planck constant, lattice constant, and spin-orbit interaction.
Generally, in ferromagnetic Heusler alloys, this evaluated
contribution was too low to be considered [13,40,41], and
thus, we assumed the value of side-jump contribution negligi-
ble. Therefore, the intrinsic mechanism was about 288 S/cm.
This value was smaller than that of the single-crystal Fe;Ga
of ~600 S/cm at low temperature [2]. This difference was
attributed to impurities or disorder present in our polycrys-
talline sample. As for sample with x = 0.4, the fitted ¢’ and
a” increased to —3.69 and 0.078, respectively, which were
much larger than that of Fe;Ga, and indicated the increasing
contribution of extrinsic skew scattering to the AHE in Mn
doping sample. The parameter b of —174 S/cm indicated that
the intrinsic component of AHE decreased compared with
that of Fe;Ga. In sample with x = 0.6, the ,o?v increased first
and gradually decreased as temperature rose to 300 K, as can
be seen in Fig. 3(a). This nonmonotonicity was caused by
the decrease of Mg with temperature increased. To eliminate
the temperature effect of varying Mg on p;‘y in sample with
x = 0.6, we used the data below 100 K to evaluate the con-
tribution of AHE, as shown in Fig. 3(d). We found that the
linear variation relation became more significant and fit well
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FIG. 4. (a)-(d) Magnetic-field dependence Hall conductivity o,, of Fe;_.Mn,Ga with x = 0, 0.4, 0.6, and 1. Temperature dependence of

(e) anomalous Hall conductivity ny and (f) anomalous Hall angle.

without quadratic term for sample with x = 0.6, expressed as
,of = d' pyo + @’ pyr. The fitted coefficients a’ and a” were
—0 73 and 0.032, respectively, which indicated that the ex-
trinsic skew-scattering mechanism was absolutely dominant
in sample with x = 0.6. In both samples with x = 0.4 and 0.6,
the a” was obviously higher than that of Fe;Ga sample, which
indicated the more intensive phonon-induced skew scattering.
The mechanism of AHE shifted from intrinsic to extrinsic as
the Mn content x changed from 0 to 0.6. In Fe,MnGa sample
as shown in Fig. 3(a), the pfv remained relatively constant as
the temperature increased, which was attributed to the small
variation range of p,, with the low TCR of 1.06. In this
case, the fitted coefficients were changing strongly, resulting
in unreasonable values. Therefore, fitting was not performed
for the Fe,MnGa sample.

The Hall conductivity (o,,) can be determined by the
formula oy, = pyy/(p2, + ,ofy), and the magnetic-field depen-
dence of oy, is shown in Fig. 4. Extrapolating the high-field
data to zero field, we could obtain the intercept as the value
of AHC (O’A) Figure 4(e) shows temperature dependence

of a for all samples. In Fe;Ga alloy, it was observed

that o ~increased gradually from 194 to 252 S/cm with the
temperature increased from 10 to 150 K, and nearly sta-
bilized at temperatures exceeding 150 K. However sample
with x = 0.4 demonstrated different behavior; oA achieved
the maximum value of 212 S/cm at 5 K and gradually de-
creased to 156 S/cm as the temperature increased to 320
K. In sample with x = 0.6, ny was 170 S/cm at 10 K,
and then decreased to 108 S/cm as temperature increased to
300 K, and exhibited the same change tendency with tem-
perature as x = 0.4. In Fe,MnGa sample, the ny was 237
S/cm at 10 K, and decreased to 200 S/cm as temperature
increased to 300 K, and showed the same decreasing ten-
dency with samples x = 0.4 and 0.6. Our calculation shown

in Fig. 5(f) indicated that the o "“ for Fe;MnGa was only

34 S/cm at Ef, due to no topological-nontrivial band struc-
ture present. This low calculated intrinsic value indicated
that the experimentally observed AHE in Fe,MnGa also
mainly originated from extrinsic mechanisms. Thus, the ex-
trinsic scattering intensity of Fe,MnGa was stronger than
that of sample with x = 0.6, and led to the enhancement of
AHC at 10 K from 170 to 237 S/cm, and x increased from
0.6to 1.

Anomalous Hall angle (AHA) was defined as ny /Oy, and
reflected the efficiency of converting longitudinal current into
transverse current. Figure 4(f) shows the AHA of all samples.
The Fe;Ga alloy exhibited a modest AHA of approximately
0.5% at 10 K, due to its low longitudinal resistivity. As the
temperature increased, AHA gradually increased to around
2.5% at room temperature. For samples with x = 0.4 and 0.6,
the AHA fluctuated between 2 and 3%, which showed slight
decreasing tendency above room temperature of 300 K. In the
Fe,MnGa sample, the AHA was notably enhanced to over
3.5% across the entire temperature range, and reached 4.3% at
70 K. While not extremely high, this value was comparable to
many alloys in the literature. For instance, the AHA of Mn3;Sn
was reported to be 3.2% [42], 1.1% for Fe;Sn, [16], 1.3% for
Co,FeAl [43], and 5.7% for MnGa [44].

We employed ab initio calculations using VASP and WAN-
NIER90 and obtained the density of states (DOS), band
structures, and U;‘y“ in the studied Fe;_,Mn,Ga (x = 0 and
1). The DOS diagram of Fe;Ga in Fig. 5(a) shows there is
an obvious exchange splitting between the two spin channels,
which indicates a strong ferromagnetic configuration. The
overlap of the peaks of Fe (A, C) and Fe (B) within the
energy —2 to 2 eV also indicated the strong hybridization
between them. The calculation showed that magnetic moment
of Fe;Ga was 6.07 ug/f.u., with 1.91 pg/fu. for Fe (4, C)
atom and 2.42 pg/fu. for Fe (B) atom. For Fe,MnGa, as
shown in Fig. 5(d), the introduction of Mn at B site causes
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the peaks of DOS in spin-down channel to move towards
the lower-energy levels, while those in the spin-up channel
shift towards the higher-energy direction. This shift drasti-
cally reduced the exchange splitting and led to a reduction of
magnetic moment to 2.01 ug/f.u. Our calculations suggested
that Mn atom was the primary contributor (2.53 pg/f.u.) to the
total magnetic moment in Fe;MnGa, while the contribution of
Fe (—0.27 pg/f.u.) decreased significantly compared to that of
Fe;Ga, which formed the antiparallel magnetic-moment con-
figuration between Mn and Fe, and indicated the ferrimagnetic
property of Fe,MnGa.

Figure 5(b) shows the band structure of Fe;Ga, where the
green line represents the band structure with SOC when the
magnetization is set along z direction, while the red and blue
lines represent, respectively, spin-up and spin-down bands
without SOC. It was evident that a significant splitting of
degenerate band occurred under the effect of SOC just be-
low the Eg of 0.05 eV at L point. This splitting generated a
large BC, resulting in a substantial oj'y“ of 683 S/cm at Eg
[see Fig. 5(c)], consistent with the previous report [2]. This
value was higher than the fitted experimental intrinsic AHC
of 288 S/cm, where the atomic disorder in the real samples
may reduce the experimental value. In Fe,MnGa [Fig. 5(e)],
the band structure does not exhibit any topological-nontrivial
property, and thus the ajrv“ at Er reduces to 34 S/cm [see
Fig. 5(f)]. This low calculated a;‘;‘ indicate that the experi-
mentally observed AHE in Fe,MnGa might mainly originate
from an extrinsic mechanism.

In Fig. 5(c), it is worth noting that a small peak of a;‘y“ lo-
cates 0.1 eV below Eg. By slightly changing the composition
of Fe;Ga, one may tune Ep towards this peak to achieve a

larger AHC. Feng et al. have experimentally obtained a larger
Uj;‘ of ~600 S/cm in Fe;p9Gagg; polycrystal [45], which
demonstrated the feasibility of tuning the peak of ogt away
from Ef towards Er. Here, we stressed the other large peak of
ojg‘f of 2310 S/cm observed around —0.5 eV in Fe3Ga, labeled
in Fig. 5(c). This peak shifted to 0.5 eV above Er in Fe;MnGa.
This distinct movement with doping aligned with changes in
spin-up band structure. As indicated in DOS diagram, the
spin-up DOS moved towards the higher-energy levels when
doping content x = 1, implying that this shift in the peak of
a;;t may be attributed to the spin-up band structure. Although
the theoretical calculation maximum peaks of o, were lo-
cated far away from Ep, we studied the origin of topological
nontrivial band structure that generated this intrinsic AHC
peak.

Without introducing SOC, the crystal structure of Fe;Ga
possesses three mirror planes of k,, ky, and k, = 0. With the
protection of time-reversal symmetry, there existed six nodal
rings located in k,, k, and k; = %1 planes, which were inter-
connected with each other by larger nodal lines, shown as the
yellow dotted lines in Fig. 6(a). Figure 6(b) exhibits the energy
gap between the nodal line-related two bands in k, = 1 plane
of Fe3;Ga without SOC. The details of characteristics for the
band structures are exhibited in Fig. S6 in Supplemental Ma-
terial [29]. It can be observed that a black ring wraps around
X point, which refers to a nodal ring. When considering SOC
with magnetization among z direction, the time-reversal sym-
metry was broken along k, and k, accompanied by the broken
corresponding mirror symmetry, and led nodal rings in k,, and
ky, = %1 to gap out [shown in Fig. 6(c)], thus generated large
BC. Figure 6(d) shows the band structure for Fe;Ga along K

int
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path of U-X-W, as well as the BC along z direction, when the
energy is set to —0.5 eV. Here, we can find a not only large
but also wide BC, which results in the huge intrinsic AHC
peak below Ef, as labeled with dashed line in Fig. 5(c). In
Fe,MnGa, the six nodal rings merge into three larger nodal
rings as shown in Fig. 6(e), moving to about 0.5 eV above
Er. The energy gap without SOC in k, = 0 plane is shown
in Fig. 6(f), in which the green line corresponds to the first
Brillouin zone. We can identify a round nodal ring as depicted
in black line, and it gaps out when we consider SOC as shown
in Fig. 6(g). We perform the calculation of BC along Y-G-K
path, as shown in Fig. 6(h), and it can be seen that the BC
still remains large but reduces greatly compared with that of
Fe;Ga, which leads the peak of intrinsic AHC of 1524 S/cm,
smaller than that of Fe;Ga in Fig. 5. For a clearer description,
we calculate the associated BC in the plane where the nodal
rings exist (see Fig. S7 in Supplemental Material [29]). As
the nodal rings are located 0.5 eV above Ep in Fe,MnGa,
doping a main-group element with more valence electrons
than Ga (e.g., Ge, As, and Sb) may achieve a huge AHC at
Er. Noky et al. have theoretically indicated that a large AHC
generated from three nodal lines near Er has been suggested in
FeoMnX (X = P, As, and Sb) [46], consistent with our above
analysis in Fe,MnGa. Considering the rigid model of band
structure, doping partial Mn for Fe in Fe;Ga or doping partial
Mn with Fe in Fe,MnGa, the intermediate doping composi-
tion could move the nodal line and the corresponding large
intrinsic AHC peak close to the Ex. However, our experiment
showed a decrease in intrinsic AHC for both x = 0.4 and 0.6

in Fes_,Mn,Ga, and failed to obtain the large intrinsic AHC
peak. This might have been due to the destruction of the nodal
line arising from the broken crystal symmetry or the disorder
of the samples. Further study about the AHE of single crystal
Fe;_,Mn,Ga is needed in the future.

IV. CONCLUSION

In this paper we experimentally and theoretically studied
the effect of doping Mn in nodal-line metal Fe;Ga alloy from
the aspect of magnetic, electronic, and anomalous transport
properties. The RRR of all the samples showed positive value,
and the residual resistivity gradually grew with doping Mn.
The Mg of Fe;Ga alloy was 143 emu/g at low temperature of
10 K, corresponding to 6.077 pg/f.u, in line with the calcula-
tion value of 6.07 ug/f.u. The Mg at low temperature gradually
decreased with Mn doping, and in Fe,MnGa sample, the Mg
decreased to 62 emu/g (2.625 ug/f.u.). However, this Mg was
larger than the calculated value 2.01 ug/f.u., which may have
been induced by the disorder between Fe (A) and Mn atoms.
In Fe;Ga alloy, the ,o;‘y exhibited a monotonically increasing
behavior with increased temperature. With Mn doping, the ,o;‘y
increased in the whole temperature range, and reached the
maximum value of 7.2 u2 cm in Fe;MnGa at 120 K. We
determined the intrinsic AHC component of Fe;Ga sample to
be 288 S/cm, which was dominant mechanism in the AHE. In
sample with x = 0.4, the intrinsic AHC component decreased
to —174 S/cm, while the extrinsic contributions from impu-
rity and phonon scattering became non-negligible. In sample
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with x = 0.6, the extrinsic mechanism was determined to
absolutely dominate in AHE. The major mechanism in AHE
shifted from intrinsic to extrinsic as x increased from O to
0.6. In both samples with x = 0.4 and 0.6, the more intensive
phonon-induced skew scattering was observed compared to
Fe;Ga sample. In Fe,MnGa sample, the ajg, was 237 S/cm at
10 K, which was higher than all the other three samples. This
enhancement was mainly induced by the extrinsic scattering
procedure. Ab initio calculations showed a large peak of a;;“
around —0.5 eV below Ep in Fe;Ga, originated from six
interconnected nodal rings. This large peak was calculated
to move to 0.5 eV above Er in Fe,MnGa alloy, and the
associated nodal rings merged into three larger nodal rings.

In our experiments, the samples with x = 0.4 and 0.6 failed
to achieve the large AHC, which may have been due to the
broken crystal symmetry or the disorder and impurity in the
samples. Thus, improving the quality of the samples or prepar-
ing single crystal may realize a large AHC as predicted by this
calculation.
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