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Large Anomalous Hall Effect at Room Temperature in a
Fermi-Level-Tuned Kagome Antiferromagnet

Linxuan Song, Feng Zhou, Hang Li, Bei Ding, Xue Li, Xuekui Xi, Yuan Yao,

Yong-Chang Lau, and Wenhong Wang*

The recent discoveries of surprisingly large anomalous Hall effect (AHE) in
antiferromagnets have attracted much attention due to their promising use in
spintronics devices. However, such AHE-hosting antiferromagnetic materials
are rare in nature. Herein, it is demonstrated that Mn, ,Ga, a Fermi-
level-tuned kagome antiferromagnet, has a large anomalous Hall conductivity
of 150 Q' cm™" at room temperature that surpasses the usual high values
(i-e., 20-50 Q=1 cm~") observed so far in two outstanding kagome
antiferromagnets, Mn;Sn and Mn;Ge. Although the triangular spin structure
of Mn, ,Ga shows a weak net magnetic moment of ~0.05 pg per formula unit,
it guarantees a nonzero Berry curvature in the kagome plane. Moreover, the
anomalous Hall conductivity exhibits a sign reversal with the rotation of a
small magnetic field that can be ascribed to the field-controlled chirality of the
spin triangular structure. This theoretical calculations further suggest that the
large AHE in Mn, ,Ga originates from a significantly enhanced Berry
curvature associated with the tuning of the Fermi level close to the Weyl
points. These properties, together with the ability to manipulate moment

correlated topological electronic
structures.® 1 In addition, this trend
has also triggered renewed attention in
understanding the mechanism of the
anomalous Hall effect (AHE) observed in
ferromagnetic conductors, which is the
spontaneous transverse voltage drop in-
duced by a longitudinal electric current.[']
The AHE has been considered to be pro-
portional to the magnetization, and thus
observed only in magnetic materials.!'7:!8]
In contrast, the recent theoretical and
experimental advances have demonstrated
that the sizable AHE can be realized in
materials with nearly zero magnetization,
such as spin liquids and chiral antiferro-
magnets, if a nonzero Berry curvature is
guaranteed in the momentum-space.['-2?]
One of the most important findings is the
surprisingly large AHE observed at room

orientations using a moderate external magnetic field, make Mn, ,Ga

extremely exciting for future antiferromagnetic spintronics.

1. Introduction

Kagome-based materials with topologically nontrivial electronic
structures have attracted tremendous interest in the past
decade in the fields of condensed-matter physics and materi-
als science.l””] Recently, a series of kagome-based ferromag-
nets have been observed to show anomalous transport response,
topological magnetic textures, large spin-orbit tunability, and
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temperature in the hexagonal antiferro-
magnets Mn;Sn (space group P6;/mmc),
in which all the Mn atoms form a kagome
lattice in the x-y plane.l When cooled
below its Néel temperature of 430 K, the
Mn magnetic moments form an inverse triangular spin configu-
ration, yielding a nonzero Berry curvature and producing a weak
net magnetization with small magnetic anisotropy within the
kagome plane. These unique properties make the antiferromag-
netic structure of Mn,Sn easily switchable via various external
stimulants, such as magnetic fields, spin-polarized currents, and
a uniaxial strain.[2?]

Shortly after the discovery of the large AHE in Mn,;Sn, another
kagome-based antiferromagnet Mn,Ge, isostructural to Mn;Sn,
was also reported to show a large anomalous Hall conductivity of
~50 Q7! cm™! at room temperature.[?#2%) In addition to the large
AHE, other unique anomalous thermal, optical, and topological
transport responses, such as the large anomalous Nernst effect
(ANE), the planar Hall effect (PHE), and the topological Hall ef-
fect, have subsequently been observed in Mn,;Sn and Mn,Ge,
due to spin chirality induced a large Berry curvature by gapping
the Weyl nodal lines.[3*3¢] [n particular, a field-induced linear
AHE has recently been reported in Mn, Sn, arising from the large
Berry curvature on the Fermi surface.l?’] Nevertheless, the large
AHE has thus far only been reported in the above-mentioned two
kagome-based antiferromagnets Mn,Sn and Mn,Ge, and more
recently in a non-kagome based non-collinear antiferromag-
net YbMnBi,.?’”] Therefore, the search for new kagome-based
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Figure 1. Crystal magnetic and electronic structures. a) The crystallographic unit cell of Mn;Ga. In each unit cell, two layers Mn—-Ga atoms are stuck
along z[0001] direction. Small and big spheres represent Ga and Mn atoms, respectively. The colored and gray balls represent the top and bottom layers,
respectively. The kagome lattice in x-y plane is shown in the right panel. The Mn moments of each triangular lattice in the x-y plane form the noncollinear
antiferromagnetic configuration. b) High-resolution STEM images (left) along the [0001] directions of single crystal Mn, ,Ga. The SAED pattern is shown
in the bottom right corner to confirm the direction. The optical photograph is shown in the top right corner. c) Total density of states of the Mn;Ga and
Mn, 43Ga. d) Band structure and anomalous Hall conductivity o, of the Mn;Ga. The red dash line shows the Fermi level shift for Ga-rich Mn, ,Ga. e)
First Brillouin zone and momentum-dependent AHC of Mn;Ga. The o;; is the component of the AHC tensor in the k;-k; plane, corresponding to the

Berry curvature of all occupied electronic states integrated over the k; direction (k||ixj).

antiferromagnets with large AHE is of considerable importance,
which will broaden the material platform for future antiferro-
magnetic spintronics as well as for in the search for novel topo-
logical phenomena.

Here we report on the first experimental realization of the
long-sought-after last member of the Mn,X kagome antiferro-
magnet family, off-stoichiometric Mn,Ga (Mn, ,Ga) in the form
of single crystals which shows the large anomalous Hall con-
ductivity by tuning the Fermi level close to the Weyl points. We
show that, although a small magnetization of ~0.05 p; per for-
mula unit in the kagome plane, the single crystal of Mn, ,Ga
exhibits a large anomalous Hall conductivity of ~#150 Q™' cm™
at room temperature and ~530 Q7' cm™! at 10 K. The angu-
lar dependence of the AHE measurements further confirms that
the small residual in-plane magnetization can switch the chiral-
ity of the spin triangular structure. Moreover, our detailed band
structure calculations indicate that the large AHE in Mn,,Ga
originates from a significantly enhanced Berry curvature asso-
ciated with the tuning of the Fermi level close to the Weyl
points.

2. Results and Discussion

The manganese-based binary alloys Mn,  Ga are known to crys-
tallize in different structures such as cubic, tetragonal, and hexag-
onal phases, depending on the annealing temperature and the
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composition.*®>!1 Among them, the hexagonal phase exists in
the range of Mn, ;sGa-Mn, ;Ga and exhibits a layered kagome
antiferromagnetic structure with an ordering temperature of
Ty~430 to 480 K (Figure S1, Supporting Information). As shown
in Figure 1a, the hexagonal-structured Mn,Ga, similar to Mn,Sn
and Mn,Ge, consists of bi-layer of Mn triangles arranged along
the c-axis. In each layer, the Mn atoms constitute a slightly dis-
torted kagome lattice with Ga located at the center of a hexagon.
The structure is only stable in the case of excess Ga randomly
occupying the Mn sites.*] Below its ordering temperature, the
Mn moments form a noncolinear triangular antiferromagnetic
structure. In this structure, neighboring Mn moments lie in the
x-y plane at an angle of 120° (Figure 1b), as previously revealed
by neutron diffraction studies.[**! It should be noted that, to date,
there are only scarce studies on polycrystalline hexagonal Mn,Ga
and no report on the properties of single crystals, possibly due
to the complicated Mn-Ga binary phase diagram,[®?) which hin-
ders the growth of stoichiometric hexagonal Mn,Ga in equilib-
rium state. To the best of our knowledge, the topological Hall
effect and the large piezospintronic effect have only been ob-
served in polycrystalline stoichiometric Mn,;Ga in bulk and thin
film forms, respectively.534] In this study, we have successfully
grown high-quality single crystals of non-stoichiometric Mn, ,Ga
(Figure S2, Supporting Information). Using single-crystal X-ray
diffraction (XRD), it has been confirmed that Mn, ,Ga has a
Ni, Sn-type hexagonal structure with space group P6,/mmc. The
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extracted lattice parameters are as follows: a = 5.4135(8) A,
¢ = 4.360509) A, and @ = 90, § = 120°. The temperature
dependence of the magnetization M (T) indicates a Ty of 435
K for the single crystals of Mn,,Ga. These parameters are in
good agreement with those detected in polycrystalline Mn, ,Ga
(Figure S1, Supporting Information). The high-quality crystal
structure was further confirmed by our high-resolution scan-
ning transmission electron microscopy (STEM) and selected-
area electron diffraction (SAED) shown in Figure 1b. Accord-
ing to the structural model obtained by single crystal XRD, the
zone axes of the SAED patterns can be identified as [0001] di-
rection (c-axis). The high-resolution-STEM image taken along
the [0001] direction can be perfectly overlaid with the struc-
tural model, verifying that the index of the SAED patterns is
self-consistent and thus the crystal orientations are successfully
indexed.

2.1. Band Structures and Berry Curvatures

We have performed the electronic band structure calculations of
Mn;Ga, which are consistent with previous calculations.[®] As
shown in Figure 1c, the calculated total density of states of the
Mn,Ga and Mn, ,;Ga shows a peak shift of ~0.051 eV, which
indicates the Fermi level (E;) will move up. The band struc-
tures show little difference expect for the Fermi level shifts be-
tween the Mn,;Ga and Mn, ,;Ga (Figure S4, Supporting Infor-
mation). In both cases, when spin-orbit coupling (SOC) is in-
cluded, the nodal line is gapped, leading to two pairs of Weyl
points and a nonzero Berry curvature. The value of the Berry cur-
vature depends on the position of the Ep, and reaches its max-
imum when the E; is approaching to the Weyl points. From
these band structure calculations, we highlight that, although
the stoichiometric Mn;Ga has a very small AHC, a large AHC
may be produced in the non-stoichiometric Mn, ,Ga due to the
E; shift being close to the Weyl points. For comparison, in
Figure 1d, we show the calculated AHC of Mn;Ga. One can see
that the AHC for z-x (6,,) component is nearly zero for Mn,Ga,
whereas this value reaches up to 540 Q7! cm™! (for Mn, ,;Ga,
due to the E; shifted up approaching to the Weyl points). In-
deed, this value of 540 Q7! cm™! in Mn, ,;Ga is very large and
exceeds the other two Kagome-based antiferromagnets Mn,Sn
and Mn;Ge. Here, o;; refers to the AHC, in which the current
flows along the j and the Hall voltage along the i directions,
respectively.

The anisotropy of AHC for Mn,Ga, i.e., o, in the x-z plane,
o,, in the y-z plane, and o, in the x-y plane are further calcu-
lated, and the results are shown in Figure le. We found that only
the o,, shows the stronger AHC, while the 5, and o, are nearly
zero, which is consistent with the previous calculations of the
Mn;Sn and Mn;Ge demonstrated that o, and o, should be zero
due to the mirror symmetry of antiferromagnetic structure with
respect to the x-z plane.[?>°] It should be noted that, in Mn,Ge
and Mn;Sn, the experimental non-zero value of o,, can be at-
tributed to the perturbation of the mirror symmetry caused by
the non-zero moment in the kagome plane. In this sense, we pre-
dicted that similar to Mn,Ge and Mn, Sn, the non-stoichiometric
Mn, ,Ga may show a large AHE and also a strong anisotropy
AHC experimentally.
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2.2. Large Anomalous Hall effect

We first provide clear evidence of the large AHE observed in sin-
gle crystals of Mn, ,Ga. All the transport measurements were per-
formed on Hall devices with ~15 pm X 7 um X1 pm channels for
longitudinal and Hall resistivity measurements (see Experiment
Section and Figure S5, Supporting Information). Figure 2a shows
the magnetic field H dependence of the Hall resistivity p,, for the
current [ along [2-1-10] and H parallel to [01-10], namely, H is par-
allel to the kagome plane (which we label as configuration I). Ob-
viously, the p,, curve exhibits a clear hysteresis loop with a sharp
jump and attains a large saturation value of ~2 pQ-cm at 300 K
and ~5.9 uQ-cm at 10 K. In other words, a large remanent Hall
effect at zero field is observed in configuration I and suggests
that these Hall devices are mostly a single AFM domain. Here
we define the x, y, and z coordinates along [2-1-10], [01-10], and
[0001] directions, and then estimate the anomalous Hall conduc-
tivity (AHC) for comparison with theoretical values. As shown in
Figure 2d, the AHC for the configuration I (c,,), calculated from
oy = -py/p’, (Where p is the longitudinal resistivity), shows a
large value of ~#150 Q! cm™' at 300 K, and reaches ~530 Q!
cm~! at 10 K, which is quite high, especially for an antiferromag-
net. Remarkably, the large AHC of ~#150 Q™' cm™" at 300 K, to
the best of our knowledge, surpasses the high values observed in
Mn,;Sn ~20 Q! cm™! and Mn;Ge ~50 Q! cm™1.

To study the anisotropic behavior of AHE, we have measured
p,y with I along [01-10] and H parallel to [2-1-10]. In this con-
figuration, H is still parallel to the kagome plane. As shown in
Figure 2b, the p,, is slightly smaller than configuration I (~5.1
pQ-cm at 10 K and 1.6 uQ-cm at 300 K). In contrast, o,, is signif-
icantly reduced down to ~220 Q! cm™ at 10 K in configuration
IT compared to configuration I, while a modest value of oy = 45
Q7! em™! at 300 K is found for configuration II (Figure 2e). For
comparison, in configuration III, we apply I along [2-1-10] and
H parallel to [0001], namely H is perpendicular to the kagome
plane. In this configuration, both p,; and ¢, show no hysteresis
but only a nearly linear field dependence at all temperatures, as
shown in Figure 2c—f, respectively. The more detailed results can
be found in Figures S6-S9 (Supporting Information).

Notably, the experimental results are highly consistent with
the theoretical predictions: large AHE are observed in o,, and
o, but not in o, Therefore, the nonzero Berry curvature re-
lated to the noncollinear antiferromagnetism is believed to be
responsible for AHE. It should be noted that the reliability of
the experimental protocols was further confirmed by the Mn,Sn
single-crystal devices fabricated using the same microfabrication
method, thus an artificial AHE signals due to thickness variation,
defects, and interface modification can be safely excluded in this
work. A detailed analysis of the AHE can be found in Figures
S10 and S11 (Supporting Information). Furthermore, we experi-
mentally verified that the sign of the AHC is the same for non-
stoichiometric Mn, ,Ga and Mn;Sn, which is in line with theo-
retical calculations.[3%>5]

2.3. In-Plane Weak Ferromagnetism
To confirm that the observation of a large AHE originates from

the noncolinear antiferromagnetic spin structure in the kagome
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Figure 2. Magnetic field dependence of AHE in Mn, ,Ga. a—c) Field dependence of the Hall resistivity p,; and d—f), Field dependence of the AHC
measured at various temperatures with three different current and magnetic field configurations: the magnetic field H|ly with the electric current /||x
(configuration 1), H||x, I|ly (configuration Il) and H]||z, I|ly (configuration Il1). The configurations are illustrated above the corresponding data. The
triangular spin structures were shown in the inserts to further indicate the measurement configurations.

plane, we have performed magnetization measurements with the
field parallel to different crystallographic directions. Figure 3a
shows the temperature dependence of magnetization of Mn, ,Ga
with the field parallel to the x, y, and z directions, respectively.
The ordering temperature of Ty~435 K is consistent with data
for polycrystals. In addition, the magnetization curves show
anisotropic hysteresis similar to that found for the Hall effect.
For example, as shown in Figure 3b, the M—H loops measured
with the field parallel to the in-plane [01-10] (y) direction at tem-
peratures between 10 and 400 K shows clear hysteresis, indicat-
ing that a weak spontaneous magnetization of 0.002-0.05 p per
formula unit. When the field is applied parallel to the in-plane
[2-1-10] (x) direction, as shown in Figure 3¢, the magnetization is
almost isotropic in the Kagome plane and the zero field moment
is slightly smaller (0.04 p, per formula unit at 10 K). A clear mag-
netic hysteresis with coercive fields (H) of less than 0.05 T can
be found in both cases. Although the magnetic moments of Mn
atoms are arranged within the ab plane when the field is applied
parallel to the [0001] direction (c-axis), we obtain a very small mag-
netization at 10 K. This indicates that the Mn spins have a very
small tilting toward the c-axis. The magnetization curves mea-
sured at 300 K for different field orientations are similar to the
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10 K data and show almost linear dependence behavior at higher
fields (Figure 3d).

Based on our magnetization data, it is evident that the present
kagome-based Mn, ,Ga antiferromagnet has a weak in-plane fer-
romagnetism and nearly zero net magnetic moment along [0001]
(z) direction. We thus argue that the weak in-plane ferromag-
netism occurs due to the Mn spins arranged in a triangular non-
collinear configuration in the x-y plane. Such configuration is
robust against an external field of up to 16 T (inset Figure 3d).
Hence, it can be concluded that the large AHE observed in the
field parallel to the kagome plane (Figure 2a,b) must be related
to the triangular noncollinear spin structures. In this case, the
results of magnetization are well agreed with the AHE measure-
ments. Moreover, a large AHC observed in both the x-z and the
y-z planes is also consistent with symmetry analysis.

It should be pointed out that all antiferromagnet kagome
Mn,X alloys are off-stoichiometry triangular antiferromagnet.
The hexagonal Mn;Ga can be only stabilized with the Ga-rich
compositions,??! while the Mn;Sn and Mn,Ge can be only ob-
tained with the excessive Mn.[**>¢ The neutron diffraction exper-
iments have confirmed the noncollinear antiferromagnetic struc-
ture for these alloys, assuming that the excess atoms randomly
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Figure 3. Magnetic properties of Mn, ,Ga. a). The temperature dependence of the magnetization (M—T) with 100 Oe applied along the y, x, and z axes,
respectively. The inset shows the zero field cooling and the field cooling M—T curves with 100 Oe applied along y axis. b) Magnetic field dependence
of the magnetization (M—H) with field H||y at different temperatures between 10 and 400 K. c,d) Field dependence of the magnetization with magnetic
field applied along y, x, and z, at 10 and 300 K, respectively. Inset in (d) shows the high magnetic field M—H curves up to 16 T with magnetic field applied

along y, x, and z, at 300 K.

occupy the deficiencies.[***”! In Mn, ,Ga, ~5.9% of Mn vacancies
were occupied by Ga atoms. While, in Mn, Sn, #6%-9% Sn atom
sites are occupied by Mn atoms, 23] and in Mn,Ge ~3.6%-13%
Ge atom sites are occupied by Mn atoms.[?83¢] However, the polar-
ized neutron diffraction experiments indicate that the weak mag-
netism in Mn; Sn mainly originates from the triangular structure
and not the excess concentration of Mn which can induce the un-
compacted magnetic state.’®] This finding is also supported by
the M—H curves of the Mn,X alloys, which demonstrate that the
weak ferromagnetism solely appears in the kagome plane. Most
importantly, experiments and theoretical calculations have con-
firmed that weak ferromagnetism does not play a role in the AHE
in Mn,;Snl>*! and Mn,Ge.[?l Though the theoretical calculations
have already confirmed this point in Mn, ,Ga, we also performed
the following experiments to verify it.

2.4. Angular Dependence AHE

To confirm that the weak in-plane magnetization observed in
Mn, ,Ga does no effect on the large AHE, we performed angular
dependence of AHE measurements for various configurations of
magnetic field H and current I. Below, we will demonstrate how
drastically the AHC in Mn, ,Ga depends on the measurement
configuration. Figure 4a shows the configuration I, in which we
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applied the current along x-axis and measured the Hall voltage
Vy; within the z-x plane. In this configuration, the magnetic field
is first applied along y, 8 = 0. We then rotate the field within the
y-z plane. Interestingly, the value of o, remains almost un-
changed until = 90°, where it abruptly changes sign. With in-
creasing 0, a second sign change happens again at § = 270°.
In configuration II shown in Figure 4b, the current was applied
along y and the Hall voltage V}; is measured in the z-y plane,
while the field is rotated within the x-z plane. In configuration I
and configuration II, the rotating field is always perpendicular to
the current and the x-y Kagome plane. We found that the angular
dependence of the 5, shows the same inclination as that of con-
figuration I. In both cases, a nearly constant AHC was observed
aslong as a small field was applied parallel to the in-plane kagome
planes, with the exception of the abrupt sign change at § = 90°
and 270°. This behavior can be explained as follows: with increas-
ing 0, a small component of the in-plane magnetic field remains
parallel to the kagome planes up to = 90°, which is capable of
preserving the chirality of the in-plane triangular spin structure.
However, at § >90°, the component of in-plane field changes its
direction and causes a change in the chirality of the spin struc-
ture, resulting in the sign change of the AHC. A similar mech-
anism occurs at = 270° in both configuration I and configura-
tion II. In contrast, in configuration III shown in Figure 4c, if the
field was rotated within the z-x plane, and the Hall voltage V}; was
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Figure 4. Angular dependence of AHE for single crystal Mn, ,Ga. Angular () dependence of the AHC in three fields and current configurations which
are shown by the schematic diagram above the corresponding data. The field was rotated within the y-z plane for I along x (configuration ) a) x-z plane
for I along y, (configuration I1) b), x-y plane for I along y (configuration I1I) c, respectively. Two typical magnetic fields of 1T (black line) and 2 T (purple
line) were applied at T = 100 K. 8 = 0° corresponds to the magnetic field oriented along y, x, and z respectively. The insets show the changes in triangular

spin chirality induced by the three magnetic field components Hy, Hx, and Hz, respectively.

measured in the x-y plane with I along y. In this configuration, the
component of the magnetic field is always parallel to the kagome
plane, except for § = 0 and 180°. As a result, the AHC mea-
sured in the x-y plane (o,) is always negligibly small, which may
originate from a slight canting of the Mn spins along the [0001]
direction.

Importantly, we found that such small in-plane field-induced
change of chirality can persist up to room temperature. In Figure
S12 (Supporting Information), we show the angular dependence
of 6,, measured at various temperatures with a fixed field of 1
T in the case of configuration I. With increasing of temperature,
the o,, gradually decreases due to the temperature disturbance
on the spin structure. In addition, the similar tendency of angu-

lar dependence AHC has also been observed in Mn;Ge.[?*! We
therefore can conclude that both the weak in-plane magnetiza-
tion component and the direction of the applied magnetic field
will not impact on the observed large AHE in Mn, ,Ga.

2.5. Comparison of Mn, ,Ga with other AHE Materials

The zero-field AHC at various temperatures was extracted from
the magnetic field dependence of the AHC by extrapolating the
high magnetic field part back to zero field. As shown in Figure 5a,
with decreasing temperature, the AHC shows a weaker depen-
dence on the temperature, compared to the Mn,Sn and Mn,Ge.

a 600 b
o Mn, ,Ga - LT 530 O'em!
500 Q@ -@— lo,|
I \0 —o—lo | 500 Q'cm”?
7 400 | \° ?
o B \
- (@]
& 300 i 0\ L
&200 [P0 9
) o ' N \
i @— ~ 1A 50 Q'cm™’
100 f @—__ 1000 cm’
o
[ ~Q Q cm™’
Ok ., 1 | IR ERPU BRI |
0 50 100 150 200 250 300 Mn,Sn Mn,Ge Mn, ,Ga
T (K) (This work)

Figure 5. Summary of anomalous Hall conductivity of the Mn, ,Ga. a) Temperature dependence of the AHC with two field and current configurations:
Hlly, 1llx; Hlly, Illx, respectively. b) The maximum AHC of the Mn;X alloy (Sn, Ge, Ga)[?>?°] at room temperature (RT) and low temperature (LT),
respectively.
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Figure 6. Comparison of Mn, ,Ga with other AHE materials. a) Relation between the Hall conductivity oy, and the longitudinal conductivity ¢ of the
Mn, 4Ga (10 to 300 K) plotted together with various ferromagnets, antiferromagnets, and transition metals (Ni, Gd, Fe, and Co thin films),[¢7] Fe sin-
gle crystals,[®11 Co; SN, Sy, M Mg 06Sng 64,1231 Min; 0gSNg 97,391 Min 4, Geg g6,128] MnSi 162 Fe,,Co,Si,[%2] SrRUO;, La;, Sr,Co03, Lay, (SrCa),MnO5,[63]
Cuq,Zn,Cr,Se, 193] Nd, (MoNb),0,,183] and Ga;,Mn, As, In,, Mn,As, anatase-Co-TiO,, rutile-Co-TiO,.[®3] The yellow-shaded region marks the moder-
ately dirty regime (3x10> < 6 < 5%x10° Q™' cm™"), in which the intrinsic Berry phase dominated the o, and nearly unchanged with . The super clean
region of ¢ > 5x10° Q™' cm™, &, is mainly dominated by the extrinsic skew scattering. The poorly conducting regime ¢ <3 x 103 Q~' cm™', the o,
also originates from the extrinsic contribution, shows o4 « ¢'*® relation. The solid line presents the theoretical prediction.[%l b). Full logarithmic plot of
the magnetization (M) dependence of the AHC of Mn, ,Ga, topological magnets,2>3085] and conventional ferromagnets.['836.66] The red shades mark
the regions where o is linearly related to M for conventional magnets. While the topological magnets surpass this linear relation and are located in the
blue-shaded region.

Interestingly, the AHE caused by the Berry curvature should  Berry curvature stemming from the Weyl points, which is not re-
not depend on temperature, such as Fe;Sn,> and Co,Sn,S,."'1  lated to the net magnetization.!*®! It can be seen that the Mn, ,Ga
However, for the Kagome antiferromagnets, the AHE typically ~ shows an obviously dependent on the ¢. The ¢ is temperature
shows strong temperature dependence, including this work  dependent. As we mentioned above, the temperature perturba-
(Mn,;Ga) and previous work on Mn,Sn**l and Mn,;Ge.*! Al-  tion noncollinear antiferromagnetic structure will result in the
though it is clear now that the Berry curvature generated by the  temperature-dependent intrinsic AHC as well as the o dependent
triangular spin structure is crucial for the observed large AHE  intrinsic AHC.
in these compounds, to the best of our knowledge, the origin of Finally, the magnetization dependence of the ¢, of the Mn,X
its temperature dependence remains an open question. In fact,  alloys and other ferromagnetic materials is plotted in Figure 6b.
the temperature-dependent intrinsic AHE has been discussedin ~ We note that the Mn, ,Ga presented in this work is located in
the Ni films, which is related to the magnetocrystalline anisotropy ~ the blue region where the o, is beyond the linear relation for
changing with the temperature. As a result, the Fermi energy will ~ the conventional magnets (pink region). On the other hand, the
pass through small band gaps caused by spin-orbital coupling.[®®)  well-known topological materials Co;Sn,S, and Co,MnGa are
We then speculate that the triangular spin structure of Mn, ,Ga  also in this regime that have been revealed the evidence of the
may be relatively insensitive to temperature, which is the re-  Weyl fermions by ARPES,[116768] a5 well as the Mn,Sn.[®] More-
sponse for the weak temperature-dependent intrinsic AHC ob-  over, the large positive magnetoconductivity of Mn,Ge indicates
served in Mn, ,Ga single crystals. The AHC reaches a value of  that the Mn,Ge may be also a topological magnet.**] The present
0, 7530 Q7' cm™! and 0,, #220 Q7' cm™" at 10 Kin x-z and  results strongly suggest that kagome-based antiferromagnets, in-
y-z plane, respectively, which is quite high, especially for an an-  cluding but not limited to the Mn,;X (X = Sn, Ge, Ga)family, are
tiferromagnet (Table S2, Supporting Information). More impor-  worthy of further investigation for large AHE.
tantly, the large AHC of ¢,, ~150 Q! cm™! at 300K is remark-
able because it surpasses the highest values observed in Mn,Sn
(=20 Q7' cm™') and Mn,Ge (%50 Q! cm™!) at room temperature
(Figure 5b). We have demonstrated on the first experimental realization of
To further scale the transport properties of the Mn, ,Ga, we  thelong-sought-after last member of the Mn, X kagome antiferro-
have summarized the relation between the o; and the o together =~ magnet family, the off-stoichiometry Mn,Ga in the form of single
with some reported AHE materials (Figure 6a). The longitudi-  crystals, which shows large AHE at room temperature. By tun-
nal ¢ of Mn,,Ga is in the range of 5 X 10> Q7! cm™! indicat-  ing the Fermi level close to the Weyl points, we found the non-
ing the AHE is mainly governed by the intrinsic mechanism  stoichiometric Mn,,Ga single crystal exhibits strikingly large
like Mn;Sn and Mn,Ge. This is also in line with the theoretical ~AHC of %150 Q™! cm™! at room temperature and ~530 Q™! cm™
calculations.[3*] For topological antiferromagnets, in additionto  at 10 K, despite a very small magnetization ~0.05 p; per for-
the large AHE, other topological transport properties like ANE,  mula unit in the kagome plane. The results of the angular de-
large magnetoconductivity, and PHE have all been observed in  pendence of the AHE further confirm that the small residual
Mn,;Sn and Mn;Ge. These properties are attributed to the large  in-plane magnetization has no impact on the observed Hall

3. Conclusion
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response apart from controlling the chirality of the triangular
spin structure. Our band structure calculations indicate that the
large AHE in Mn, ,Ga originates from a significantly enhanced
Berry curvature associated with tuning the Fermi level close to the
Weyl points. In addition, we have fabricated the Mn, , Ga (x=0.2,
0.3,0.4, 0.5, 0.6, 0.65) polycrystalline samples and magnetic and
transport results clearly indicate they exhibit a layered kagome
antiferromagnetic structure with a tunable magnetic and AHE
(Figure S13, Supporting Information), which demonstrates the
efficient Fermi level engineering via off-stoichiometric substitu-
tional alloying. We thus suggest that, by changing the composi-
tion of Mn, a precise tuning of the E; may be realized, which will
further enhance the value of AHC even at room temperature. In
this sense, the Fermi-level-tuned Mn; ,Ga can be a new paradigm
of the field-controlled antiferromagnetic family with promising
prospects for future spintronics.

4. Experimental Section

Sample Preparation:  Single crystals of Mn, ,Ga were prepared by Pb
flux method. First, the bulk polycrystalline Mn, ,Ga was prepared by arc
melting method with high-purity Mn (99.99 wt%) and Ga (99.99 wt%) un-
der an argon atmosphere. Second, a polycrystalline sample and Pb with
the molar ratio of Mn:Ga:Pb = 2.4:1:22.5 were placed in an Al,O5 crucible
that was sealed in quartz tubes later. Then the quartz tubes were slowly
heated to 1423 K and held on for 2 days in an electric furnace. The quartz
tube was subsequently cooled down to 1023 K at a rate of 4 K h™! to reach
the low-temperature phase region. After that the quartz tubes were cooled
down to the 953 K at a rate of 2 K h~". Finally, the quartz tubes were moved
into a centrifuge to separate the Pb flux from the isolated single crystals at
953 K.

The Mnj;_,Ga polycrystals were prepared by the melt-spinning method.
Details could be found in the previous work.[%0]

The single crystals of Mn; Sn were prepared by Sn self-flux method. The
high purity of Mn (99.99%) and Sn (99.99%) were mixed with an atomic
ratio of Mn:Sn = 7:3 and placed in an alumina crucible. The sealed quartz
tubes were heated to 1423 K and held on for 24 h. Then the quartz tubes
were cooled down to 1273 K at a rate of 25K h~". After that, the quartz tubes
were cooled down to 1173 K at a rate of 1 K h~'. Finally, the quartz tubes
were moved into a centrifuge to separate the Sn flux from the isolated
single crystals at 1173 K.

Structural and Composition Characterizations: The crystal structure and
orientation of the as-grown single crystals were determined using single-
crystal X-ray diffraction (RAPID, Rigaku) at room temperature. The lat-
tice parameters were calculated by Rietveld refinement. All the samples
were shown to be in a single phase and the lattice parameters were agree
with previous reports. Based on the energy-dispersive X-ray analysis with
a scanning electron microscope, the composition of single crystals was
determined to be Mn, ,Ga.

Magnetization Characterizations: The magnetization measurements
were carried out using a commercial SQUID magnetometer (MPMS,
Quantum Design) equipped with a high-temperature module in the
temperature range of 2K-800 K. The high magnetic field experi-
ments were carried out using a Physical Property Measurement Sys-
tem (PPMS, Quantum Design) with a maximum applied magnetic field
16 T.

Device Fabrication: First, thin flakes with different orientations were
fabricated from the single crystal of Mn, ,Ga using a focused ion-beam
system (Helions PFIB CXe). Second, the thin flakes were then transferred
to a copper chip by the tungsten needle to further reduce the thickness of
the flakes to &1 um. Third, the thin flakes were transferred to the silicon
wafer with pre-made electrodes. Finally, the electrodes and the flake were
connected by the plating Pt. Mn; Sn devices were fabricated using a similar
procedure.
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Transport Measurements: The longitudinal and Hall resistivity of de-
vices were measured simultaneously in standard five-probe geometry by
using a commercial PPMS system (Quantum Design). In order to elim-
inate the influence of probe misalignment, the Hall contributions to the
longitudinal resistivity were eliminated by adding and subtracting the re-
sistivity data taken at positive and negative magnetic fields.

First Principle Calculations: Calculations were conducted using den-
sity functional theory (DFT) implemented in the Vienna ab initio simu-
lation package!®] (VASP) code. The exchange correlation functional was
the Generalized-Gradient-Approximationl’® (GGA) of the Perdew—Burke—
Ernzerhofl’1! (PBE) functional. The cutoff energy was set as 450 eV, energy
and force convergence criteria were set as 107> eV and 0.01 eV A~". Spin-
orbit coupling (SOC) was included in all calculations. Mn, 43Ga was built
by considering a 3 x 3 x 1 Mn;Ga supercell and replacing three Mn atoms
with Ga randomly. The Mn magnetic moment was &3 pg for Mn;Ga and
2.4 pg for Mn, 43Ga, these calculated values agree well with the experi-
mental results. The anomalous Hall conductivity and Berry curvature were
calculated in the Wannier90[7273] and Wannier tools package.[”4]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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