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CONDENSED MATTER PHYSICS

Kondo physics in antiferromagnetic Weyl semimetal

Mns.,,Sni_ films
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Topology and strong electron correlations are crucial ingredients in emerging quantum materials, yet their inter-
section in experimental systems has been relatively limited to date. Strongly correlated Weyl semimetals, partic-
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ularly when magnetism is incorporated, offer a unique and fertile platform to explore emergent phenomena in
novel topological matter and topological spintronics. The antiferromagnetic Weyl semimetal Mn3Sn exhibits
many exotic physical properties such as a large spontaneous Hall effect and has recently attracted intense inter-
est. In this work, we report synthesis of epitaxial Mn3,,Snq_ films with greatly extended compositional range in
comparison with that of bulk samples. As Sn atoms are replaced by magnetic Mn atoms, the Kondo effect, which
is a celebrated example of strong correlations, emerges, develops coherence, and induces a hybridization energy
gap. The magnetic doping and gap opening lead to rich extraordinary properties, as exemplified by the promi-
nent DC Hall effects and resonance-enhanced terahertz Faraday rotation.

INTRODUCTION
Band structure topology is becoming an increasingly important as-
pect in materials research and design and is responsible for many of
the exotic behaviors found in quantum materials such as strongly
correlated two-dimensional (2D) electron systems (1), graphene (2),
and topological insulators (3). More recently, band structure topology
has been critical to the understanding and development of gapless
topological semimetals (4-6), including Weyl semimetals (WSMs),
Dirac semimetals, and nodal line semimetals. In WSMs, the con-
duction and valence bands cross at certain points in momentum
(k—) space known as Weyl nodes (6). Weyl nodes appear in nonde-
generate pairs with opposite chirality and act as monopoles of Berry
curvature (i.e., sources or sinks of Berry flux). The spacing of the
Weyl nodes in k-space is determined by the crystal and/or magnetic
structure that break inversion or time-reversal symmetry and, in turn,
dictates the magnitude of the intrinsic anomalous Hall effect (7, 8).
While much of the work on WSMs to date has focused on weakly
interacting systems, there is a growing need to address and include
the effects of strong electron correlations (9-12). A classic example
of strongly correlated behavior is the Kondo effect (13), which orig-
inates from the coupling between the spins of conduction electrons
and local magnetic moments. As local magnetic moments form a
lattice, the Kondo effect develops coherence and leads to the Kondo
insulator (14, 15). Inclusion of topological order in Kondo insula-
tors leads to topological Kondo insulators, among which SmBg is an
example that has attracted substantial attention (16). Recently, there
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have been increased theoretical efforts (17-19) to address the Kondo
effect in WSMs and, particularly, the emergence of a Weyl-Kondo
semimetal in nonmagnetic Ce;BisPd; bulk samples (20). Unusual
properties such as giant spontaneous Hall effect were predicted (21).
These works suggest that strongly correlated WSMs are a fertile
platform to explore new quantum phases, resulting from the inter-
play between Weyl and Kondo physics.

A promising material in which to study both Weyl and Kondo
physics is the antiferromagnetic (AFM) WSM Mn3Sn (22-25). MnsSn
has a hexagonal structure with lattice constants a = 5.67 A and
c=453A (Fig. 1A), with a Néel temperature (Ty) of 420 K (25). The
Mn atoms form a 2D Kagome lattice on the (0001) plane (i.e., ab
plane) with Sn atoms sitting at the hexagon centers (Fig. 1B). Two
neighboring Kagome Mnj3Sn layers are stacked along the ¢ axis with
an in-plane lattice offset (Fig. 1A). The Mn moments (~3 pug/Mn)
form various noncollinear spin orders at different temperatures,

Fig. 1. Crystal structure and spin structure of Mn3Sn. (A) Crystal structure of
Mn3Sn, which consists of stacked Kagome MnsSn layers, and (B) triangular spin
structure in the Kagome layer (ab plane).
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including inverted triangular structures, spin spiral, and spin glass
(fig. S1 and note S1) (26). The most interesting are the inverted trian-
gular spin textures (Fig. 1B) with nearly zero spontaneous magneti-
zation (~3 x 107> up/Mn). The magnetic symmetry of the inverted
triangular spin textures includes mirror symmetry that ensures the
appearance of the pairs of Weyl nodes at a k line along the local easy
axis in the ab plane, as demonstrated by the angle-resolved photo-
emission spectroscopy (ARPES) measurements (22). The Berry cur-
vature induced by the Weyl nodes generates a large anisotropic
anomalous Hall effect (22, 25). Under an external field, tilting of
the triangular spin textures results in noncoplanar spin structures
and generates a topological Hall effect arising from the spin Berry
curvature in real space (27). Moreover, novel magnetic spin Hall
and inverse spin Hall effects, which demonstrate field-controllable
conversion between spin current and charge current, have been dis-
covered (24). In addition to these unusual topological and spintronic
properties, substantial bandwidth renormalization is observed
because of strong correlations among Mn 3d electrons (22). These
outstanding topological/spintronic properties and strong electron
correlations make Mn3Sn an ideal platform to explore the multifac-
eted physics of the interplay between topology, magnetism, and
strong correlations, as well as the emerging topological AFM spin-
tronics (28, 29) in which thin films play a crucial role.

Here, we report the fabrication of high-quality epitaxial films of
Mns,,Sn;_, with greatly extended compositional range (x up to ~0.55).
We observe the Kondo effect in films with excess Mn, which substi-

tutes for Sn and acts as a magnetic dopant in the system. Upon in-
creased Mn doping, the system develops Kondo coherence and opens
a hybridization gap. Films with x > 0.4 behave like Kondo insulators
with topological features, as manifested in the DC Hall and terahertz
Faraday rotation measurements.

RESULTS
Fabrication of epitaxial Mn3,,Sn;_, films with greatly
extended compositional range
Mn;Sn has layered Kagome planes and exhibits a strongly anisotropic
Hall effect. Thus, it is important to realize epitaxial films with two
different orientations: (0001) films where the Kagome plane is in
the plane of the film, and (1120) films where the Kagome plane is
perpendicular to the plane of the film. There are some reports on the
fabrication of near-stoichiometric MnsSn films, including (0001)
Mn;Sn films on Ru seed layer (30), (0001) and (1120) Mn3Sn films
on MgO and Al,Oj substrates (31), and polycrystalline films on Si/
SiO; substrate (32). In this work, we used cosputtering of Mn and Sn
targets and realized epitaxial growth of (0001) and (1120) Mn3,,Sn_
films (see Materials and Methods).

We took advantage of the small lattice mismatch (~2%) between
Pt (111) (cubic,\2a = 5.55 A) and (0001) Mn;Sn (a = 5.67 A), and
fabricated high-quality epitaxial (0001) Mnj3,,Sn;_, films on a Pt seed
layer, which is grown on C-Al,O3 substrate via magnetron sputtering.
The 0/20 x-ray diffraction (XRD) pattern (Fig. 2A) shows a strong
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Fig. 2. Structure characterization and extended compositional range of (0001) films. (A) Representative XRD 26 scan of (0001) Mn3Sn films. Inset: XRD 26 scan
of (0001) films with different compositions. (B) Triple-axis high-resolution XRD (HR-XRD) w scan (rocking curve) of Mn3,,Sni_, (0002) peak (x = 0.50). (C) In-plane ¢ scans
of Mn3Sn (2021), Pt (002), and Al,O3 (1123) planes with tilt angles ¥ are shown in the figure. (D) Lattice constants c (solid symbols) and a (open symbols) as a function of

compositions. a.u., arbitrary units.
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(0002) Mn;3Sn peak without any noticeable impurity peaks. High-
resolution XRD (HR-XRD) rocking curves, collected with mono-
chromating incident optics and a triple-axis analyzer, show a very
sharp peak with full width at half maximum (FWHM) of 0.002°
(Fig. 2B, for x = 0.5), indicating that the film has exquisite planar
alignment between the (0001) crystalline plane and the film plane.
Rocking curves with a double-axis analyzer showed a sharp peak with
a slightly larger FWHM of 0.07° (fig. S2A), indicating a small d-spacing
spread. For Sn-rich samples (e.g., x = 0.1), crystalline quality de-
creases slightly with a rocking curve FWHM of 0.21° (double axis,
fig. S2B) and in-plane @ scan FWHM of 0.8° (fig. S2C). In-plane ¢
scans (Fig. 2C) of Mn3Sn, Pt, and Al,O3 show six diffraction peaks,
confirming the epitaxial relation of Al,O3 [1010] || Pt [110] || Mn3Sn
[2T10]. Moreover, atomic force microscopy measurements indicate
that the root mean square value of the surface roughness (fig. S2D)
is only about 0.4 nm. The flat surface and sharp interface between Pt
and (0001) Mn3Sn are further confirmed by x-ray reflectivity mea-
surements (fig. S2E). We attribute the high quality of Mn3Sn to the
high-quality Pt seed layer as indicated by the Laue oscillations of the
XRD Pt (111) peak (inset of fig. S2E). We note that the flat surface
of (0001) Mn;3Sn is critical for future work attempting to interface
Mn;Sn with other quantum materials. Toward that end, we also grew
(0001) Mn3Sn on the integrated circuit (IC) technology-compatible
substrate Si(111) with a Ag(111) seed layer (fig. S2F) and (1120)
Mnj;Sn on R-ALOj3 substrate (fig. S3).

It has been shown previously that hexagonal Mnj3Sn is stable with
excess Mn. Specifically, earlier work on bulk Mns,,Sn;_, found that
a maximum Mn excess of x = 0.2 could be achieved (22, 23, 33). The
extra Mn atoms replace Sn atoms and randomly occupy the Sn sites
(i-e., Mn3,4,Sn;_y, x > 0). The replacement of nonmagnetic Sn atoms with
magnetic atoms is expected to alter real space spin ordering and affect
the spacing of Weyl nodes in the system. Density functional theory
(DFT) calculations also suggest that extra Mn may raise the Fermi
energy Ep (22). Therefore, doping with Mn should be an effective way
to tune band structure topology and the Hall effects in Mn3,Sn;_,.

As shown in the inset of Fig. 2A, for two distinct x values, the (0002)
XRD peaks are well separated, indicating distinct values of lattice
constant c. The lattice constant a is obtained from the (2021) peak

at tilted geometry via the relation of a = 4cd(0z1y/43(c* - d%zojl)).

As shown in Fig. 2D, lattice parameters ¢ and a decrease as x in-
creases, supporting replacement of Sn atoms by smaller Mn atoms.
We found that the amount of Mn excess can be greatly extended to
x = 0.55 in our epitaxial films without the introduction of an impu-
rity phase. This result sharply contrasts the small compositional window
seen in bulk samples and is likely related to the nonequilibrium growth
conditions that exist during vacuum deposition processes. As x in-
creases from 0.06 to 0.55, the ¢ axis lattice constant decreases from
4.57 t0 4.53 A. Similar dependence of lattice parameters as a function
of x is observed in (0001) Mnj3,,Sn;_, grown on Ag(111) seed layer on
Si(111) wafer (Fig. 2D). The lattice parameters of (1120) Mns,,Sn;_
show different dependence on x, but the unit cell volume still decreases
as x increases (fig. S3). The greatly extended compositional range for
replacing Sn with magnetic Mn in thin films allows for the explora-
tion of new and unusual physics in Mn3Sn, as exemplified below.

Kondo effect and gap opening by extended Mn doping
Figure 3A shows normalized resistance y(T) [=R(T)/R(295 K)] as a
function of temperature (T) for 60-nm (0001) Mns,,Sn;_, films. Strictly
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speaking, a rigorous identification of metallicity requires demonstra-
tion that resistance extrapolates to a finite value at zero temperature,
which is possible even if R is increasing as T decreases throughout
the measurement range (34). For simplicity, here, we adopt the pop-
ular nomenclature that y(T) curves have a “metallic” (“insulating”)
characteristic if resistance decreases (increases) as T decreases. For
reference, we note that bulk Mn3,,Sn;_, (x < 0.15) single crystals
show metallic behaviors with carrier density 7 about 2 x 10* cm ™.
The resistivity of such bulk crystals is about 250 uQ-cm at room
temperature along the ab plane, indicating a mean-free path on the
order of 1 nm (35). Broadly speaking, the y(T) character of our films
is metallic for compositions below x ~ 0.40 and insulates above. For
x = 0.06, y decreases nearly linearly from room temperature to
T =50 Kand reaches a residue value of about 0.76 at T =5K. As
x increases to 0.11, metallic behavior remains, but with a larger y
at 5K, consistent with the elevated scattering from Mn dopants ran-
domly replacing the centers of the hexagons in the Kagome plane.
Note that the transport contributions from the buffer and capping
layers are minimized by using highly resistive materials (Materials
and Methods).

The strong correlation among Mn 3d electrons (22) in Mn3Sn and
its topological band structure suggest that Mn3Sn is an ideal plat-
form to explore the interplay between Weyl and correlation physics.
In this material, Mn moments in the Kagome lattice are strongly
antiferromagnetically coupled to each other, leading to various spin
orders such as a planar 120° spin orientation with negligibly small
net magnetization (25). The substituting Mng, atom sitting at the
hexagon center of the Kagome lattice could interact with its six
neighbors via the Heisenberg exchange. However, the vanishing of
total magnetic moment of the six neighbors results in the same en-
ergy no matter what direction the center spin points toward, to lowest
order. Therefore, substitutional Mn spins may behave as magnetic
impurities exchange coupled to the d-like conduction band states
on the Mn-Kagome sublattice, leading to Kondo physics if the cor-
relation is considerable. In the metallic regime, for example, the x = 0.27
film Fig. 3B shows a resistance upturn instead of a residue below the
resistance minimum temperature Ty, = 25 K. The —InT increase in
resistance with decreasing temperature at T < T, and the deviation
of InT scaling at lower temperature are characteristics of the Kondo
effect (36). For simplicity, we adopt the deviation point of InT scal-
ing (Fig. 3B) as an estimation of the Kondo temperature Tk, which
reflects the strength of Kondo interaction (36). The resistance increases
as a result of Kondo scattering of magnetic impurities. As tempera-
ture further decreases, the Kondo scattering is inhibited because of
the formation of a singlet state between a localized Mn moment and
a conduction electron, which screens the magnetic moments of the
impurities (37).

As x increases further and more Sn atoms are replaced by Mn atoms,
Ty and Tk shift gradually to higher temperatures, indicating a stron-
ger Kondo effect. For x = 0.39, T, (Tx) is 47 K (23 K) (Fig. 3C).
Above x > 0.40 (Fig. 3, D and E), the resistance shows an upturn at
a much higher temperature (e.g., 192 K for x = 0.44, and >300 K for
x = 0.50), consistent with the transition to a Kondo insulator as
Kondo effect develops coherence in the dense Kondo lattice (14). The
ground state of such a system features a hybridization gap, on the
order of a few millielectron volts to tens of millielectron volts, near
the Fermi energy (14, 15), and because of the featured band inver-
sion therein, most Kondo insulators are topologically nontrivial (16).
A prominent example is the topological Kondo insulator SmBe, which
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Fig. 3. Evolution of Kondo effect and gap opening in Mn3.,Sn_, films. Normalized resistance y as a function of temperature for various x (A), for (B) x=0.27, (C) x=0.39,
(D) x=0.44, and (E) x=0.55, respectively. Inset of (E): In(G — Gr=sx) as a function of 1/T, and linear fit (red line) gives a gap value of 10.2 meV. (F) Transmission of x=0.47

(red) and x=0.13 (violet) samples as a function of frequency.

shows a small insulator gap of about 3 meV and a saturation resist-
ance plateau at low temperatures (38). The y(T) curves of our highly
doped films (x > 0.40) show a similar temperature dependence. As
shown in Fig. 3E, for x = 0.55, the resistance exhibits a —InT increase
from room temperature to Tx ~ 130 K, then increases at a slower
rate, and eventually reaches a near-saturated value at low tempera-
ture. Following the analysis in (38), we divide the measured conduc-
tance Geasured into two parallel contributions: Gmeasured = Gr=5K +
Ginsulator» Where Grsk represents the near-saturated conductance at
low temperature. Gr—sg may originate from a topological surface
state or an in-gap state (39). We plot Ginylator @s a function of 1/T
from 300 to 150 K (inset of Fig. 3E). The linearity indicates that this
analysis is appropriate and gives a gap value of 10.2 meV (i.e., 118
K =~ Tx), which corresponds well with reported gap values of other
Kondo insulators (15). The gap opening at x > 0.40 is also evidenced
by the decrease in carrier density as a function of temperature (fig.
S4) due to reduced thermal activation at low temperature.

We briefly note that the Kondo effect and gap opening are also
observed in thicker (0001) Mnj3,,Sn;_, films, as well as (1120) ori-
ented films, all with similar y(T) curves (fig. S4). Terahertz trans-
mission measurements (Fig. 3F) at T = 2 K on a 60-nm (1120)
Mn3,,Sn;_, (x = 0.47) show a prominent dip at 1.3 THz (~5.5 meV),
which is less obvious in a metallic sample (x = 0.13). These terahertz
transmission results echo the resistivity measurements and corrob-
orate the notion of a gap opening. Even stronger evidence for the gap
opening can be seen in terahertz Faraday rotation measurements
discussed below.
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Resonance-enhanced terahertz Faraday rotation
Here, we present a notable consequence of the gap opening in the
terahertz Hall effect (i.e., Faraday rotation). Figure 4 shows the real
(8) and imaginary (07 parts of the Faraday rotation, which are re-
lated to each other by Kromers-Kronig transform. The metallic sam-
ple (x = 0.13) shows a small Faraday rotation on the order of a few
milliradians (Fig. 4A), which is similar to the observed value in a
recent study on polycrystalline Mn;Sn films (40). In sharp contrast,
for the gapped sample (x = 0.47), the imaginary part of the Faraday
rotation, which is related to the ellipticity (0; Fig. 4B), shows a re-
markable, resonance-enhanced peak at 1.33 THz (i.e., 5.6 meV, the
aforementioned energy gap in the transmission measurements). Ac-
cording to the Kromers-Kronig relation, a resonance across the gap
in the imaginary part corresponds to a sharp zero crossing (an
inflection point) in the real part at 1.33 THz (Fig. 4A). We applied
6 T to align the magnetic domain first and then performed the Faraday
rotation measurement by reducing the field from 4 to 0 T. The
resonance-enhanced 6y, is 0.3 rad at 4 T, which is around 40 times
larger than that in the recent study on metallic Mn3Sn films (40). The
gap-induced resonance feature in optical rotations was also recently
observed in a magnetic topological insulator (41). The resonance-
enhanced terahertz Faraday rotation described here may represent
an entirely new phenomenon in the world of the Kondo insulator,
which was not observed in SmBg (42).

These above transport and terahertz results demonstrate a gap
opening of WSM by doping of magnetic Mn atoms whose 3d elec-
trons have strong correlations, and thus a possible transition from
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Fig. 4. Resonance-enhanced terahertz Faraday rotation in (1120) Mn3,,Sn_,
films. Real part (A) and imaginary part (B) of the Faraday rotation as a function of
frequency at different fields for x=0.47 and x=0.13 at T=2K.

Kondo effect to Kondo insulator in new class of topological matter.
These effects are independent of the crystalline growth orientation.

DC Hall resistances arising from Berry curvatures

in reciprocal and real spaces

One of the most salient transport features in bulk Mn3Sn is the large
spontaneous anomalous Hall resistance (AHR), arising from the
Berry curvatures of the Weyl nodes (22, 25). Therefore, the Weyl
nature of our Mnj,,Sn,_, thin film can be checked by Hall measure-
ments. The total Hall resistivity includes various contributions and
can be described as py = RyB + RspuoM + pﬁF, where M is the mag-
netization, Ry (Rs) is the ordinary (anomalous) Hall coefficient (both
Ry and Rg are positive), and g is the magnetic permeability. Unlike
conventional ferromagnets such as Fe and Co, where the Hall resist-
ances only include the first two terms, there is an additional term
pﬁF, which is almost independent of B or M (25). Because usual
antiferromagnets do not exhibit measurable spontaneous Hall resist-
ances, ply presumably originates from the Berry curvatures in reciprocal
or real space. The former contributes to an intrinsic anomalous Hall
effect determined by the separation of Weyl nodes, while the latter
manifests itself in topological Hall effect, as seen in chiral magnets
(43) and oxide heterostructures (44). It is important to note that the
exchange bias in Mnj3,,Sn;_,/Py bilayers is observed at T'= 5 K (fig.
S5) in both metallic and gapped states. This is strong evidence that
antiferromagnetism in our Mns,,Sn;_ films is robust over the
whole compositional range we studied. Above the saturation field
of the uncompensated spins (but below the spin-flop transition),
M = Mg + xB/uo, where y is the susceptibility and Mg is the residual
magnetization by extrapolating the high field M to B = 0. Therefore,
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above the saturation field, py = (Ro+ xRs)B + (Rs qu0 + pAF =
R0 B + plypr» Which includes a field-linear term and a field-independent
term. In our films, independent of orientations, MO is on the order
0f 0.001 to 0.03 up/Mn at room temperature, close to the resolution
limit of the magnetometers used in this work (fig. S6 and note S2).
In the following, we use bulk value  ~ 3 x 107 for our estimations
(note S1).

We first consider the Hall effect in (1120) films for metallic states
(x < 0.4). Figure S7A shows Hall resistance as a function of field for
Mnj;,,Sni_y (x = 0.18) at T = 300 K. The Hall loops indicate —
pHF ~ —piur > Rs uOMS (fig. S7). The saturated Hall resistivity
(plyp) at positive fields (e.g., B=9 T) is negative. The negative AHR
is a signature of the intrinsic contribution of Berry curvature in k-
space, as observed in bulk single-crystal samples (25). Figure 5A shows
the piiyr (& i) as a function of temperature for (1120) films with
different x. For x = 0.10 and 0.18, pj ;1 is as high as 1.5 pQ.cm at
300 K. As temperature decreases, |pj gz | decreases and a clear tran-
sition around 225 K is observed. The transition at T} ~ 225 K, which
is also observed in bulk Mn3Sn single crystals (35), indicates changes
from triangular spin order at higher temperatures to spin glass or
spin spiral at low temperatures. Between Ty = 420 Kand T}, a WSM
state exists because of the magnetic symmetry of triangular spin order
(22). Below T}, the intrinsic negative AHR decreases drastically due
possibly to the disappearance of Weyl nodes in spin glass/spinal state.
The py (T < T)) is only about —0.2 pQ-cm and depends weakly on
temperature. At x = 0.26, where Kondo physics manifests at low tem-
perature (Fig. 3B and fig. S4), a similar temperature dependence of
PAng iS observed; p’;; remains negative at the whole temperature
range despite slightly smaller values compared with those in films
with x = 0.10 and 0.18.

However, at x > 0.40, the gapped state is realized, and p’y;;, shows
drastically different temperature dependence. At T = 300 K, p}, p is
only around —0.2 uQ-cm, nearly an order-of-magnitude smaller than
that of films with x = 0.10. This may be a direct consequence of a
gap opening, which likely annihilates Weyl nodes and greatly re-
duces the Berry curvature. Alternatively, extended doping could also
disrupt the triangular spin texture, which protects the Weyl nodes.
Pagr changes sign around T; (Fig. 5A). With extended doping
(x > 0.40), the doped localized Mn moments start to form a lattice
and disrupt the spin glass/spiral state at T' < T;. The doped Mn spins,
along with Mn spins in the Kagome sites, are likely lying in the
Kagome plane that is perpendicular to the film. These spins are
“polarized” by the out-of-plane field (in the Kagome plane) and give
rise to positive conventional AHR Rgo S( < pjgr Note S3). Note
that a positive pf_\[F may also contribute due to spin chirality if spins
tilt toward the film plane.

Plhpyg in (1120) Mn3,,Sn;_, films are summarized in a T-x phase
diagram shown in Fig. 5B. Large negative Hall resistance pre-
sumably induced by Weyl nodes exists at T > 225 K and x < 0.40.
Notably, driven by the Kondo effect with higher Mn doping, a gapped
state (possibly a Kondo insulator) emerges at x > 0.40 and shows posi-
tive Hall resistance at T'< 225 K. These results indicate that magnetic
doping is an effective way to tune electron correlations and Berry
curvatures in the reciprocal space.

Although Kondo physics is similar in (0001) films, the Hall resist-
ance shows different compositional dependence therein because of
the anisotropy of the Hall effect in these materials. In bulk single
crystals (x < 0.15), the Mg and pﬁF (pAgr) are zero in the spin trian-
gular state if the magnetic field is applied along the [0001] direction
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Fig. 5. Anomalous Hall effects and phase diagram of Mn3,,Sn,_, films. (A) Anom-
alous Hall resistivity pj,; as a function of temperature for different compositions
for (1120) films. (B) Colored contour map of p*AHR in the T-x plane for (1120) films.
Right y axis: —pZHR (T=300 K) as a function of x. Inset of (B): Schematic diagrams of
Weyl cones with opposite chirality and gapped cone. (C) Anomalous Hall resistivity
panr Of (0001) films as a function of temperature for x=0.21 (solid circles) and
x=0.51 (open squares), respectively.

(25). In the spin glass state, p 4y is reported to be positive (25). In
(0001) Mn3,,Sn;_y films, a positive p} 4y is observed from 300 to
2 K. The pj;p of the gapped state (x > 0.40; Fig. 5C and fig. S8) is
much smaller than that of the metallic state. p},j; of (0001) films in
metallic state is substantlally larger than the estimated upper limit of
Rspo M2, indicating that pH is dominating (note S3). Furthermore,
the major (9 T) and minor (1 T) Hall loops show distinct hysteresis
(fig. S4A), in sharp contrast to the loops in (1120) films (fig. S7A).

The intrinsic pH in (0001) films is likely field-induced topological
Hall resistance (p 1y (45), arising from the spin chirality in the real
space (27). Considering a triangle spin structure shown in Fig. 5C,
tilting of spins (S;, i = 1,2,3) toward the c axis gives a scalar spin
chirality §; - (S; x 83) (27), which induces a spin Berry phase (ma 2g

netic flux) @ = 2rdy, where @y is the flux quantum (2000 T-nm®),

and r reflects the fraction of the flux quantum (r is 1 for a magnetic
skyrmion). The spin Berry phase gives rise a fictitious field Beg= ®/A =

Khadka et al., Sci. Adv. 2020; 6 : eabc1977 28 August 2020

rx 1.18 x 10° T, where A = 0.034 nm” is the area of each triangle.
Therefore, a tiny value of  (note S3) can generate large B that in-
duces a topological Hall resistivity p™ = RyBe (e.g. p™H=0.33uQ-cm
for 60-nm films). In thicker films such as 120 nm with lower crys-
talline quality, tilting can easily take place, resulting in a larger r. The
larger r thus corresponds to a larger p™M, as echoed in the experi-
ment (fig. S8). In contrast with p Fin (1120) films, p™ increases from
T=300Kto T~ T, (225 K), but decreases noticeably at T< 100K,
which suggests a spin glass transition at T ~ 100 K (note S1). As
mentioned above, for gapped states (x > 0.40), nearly half of hexa-
gon centers are occupied by magnetic Mn atoms with spins ran-
domly orienting in the Kagome plane. These doped (random) spins
contribute to the spin chirality [S; - (S, x S3)] with opposite signs so
that the net spin chirality is (nearly) zero. These unusual Hall resist-
ances in (1120) and (0001) films indicate that doping of magnetic
Mn atoms is an effective knob to tune Berry curvatures in both real
and reciprocal spaces.

Unusual magnetoresistance

Another important transport feature in WSMs is their negative
magnetoresistance (NMR) due to the chiral anomaly. When a mag-
netic field is applied along the current direction, a chiral charge cur-
rent is driven from one Weyl node to its counterpart with opposite
chirality (6). This chiral current leads to additional electric conduc-
tivity and gives rise to NMR. The NMR effect is largest when B || I
and vanishes when B 1 I (6, 22). The NMR effect has been observed
in bulk Mn3Sn single crystals, where it is very small (~0.1% at B=9 T
and T = 300 K) (22). Moreover, the NMR decreases quickly as the
energy difference (AE) between Fermi energy and Weyl nodes in-
creases. NMR is inversely proportional to AE * and is reduced by
~60% as AE increases from 5 meV (x = 0.06) to 8 meV (x = 0.03)
(22). As shown in Fig. 6A and fig. S9A, a small ordinary positive
magnetoresistance (PMR) due to Lorentz force is observed from
T=300K to T=2 K in our films for x < 0.40. The absence of NMR
is likely due to the larger AE in those films. For the gapped state
(Fig. 6B and fig. S9B), PMR is observed at T > 70 K, but NMR is
observed at T < 70 K inside the spin glass regime (i.e., Ty ~ 70 K).
The nearly linear NMR at low temperatures weakly depends on the
orientation of the applied magnetic field. This isotropic NMR can
originate from the suppressed Kondo scattering and/or spin-dependent
scattering as magnetic field polarizes the randomly oriented doped
Mn spins at the center of the hexagon (note S4). Nevertheless, the
NMR well correlates with the y(T) and Hall results induced by Mn
doping, providing complementary transport consequences by the
magnetic doping of Mn atoms.

DISCUSSION

In this work, we show that AFM WSM Mns,,Sn;_, thin films with
superior sample quality are a class of exciting materials to study the
interplay between strong correlation, topology, and magnetism. By
replacing Sn with magnetic Mn atoms, a Kondo effect, which often
appears in strongly correlated metals, emerges, evolves, and leads to
opening of a hybridization gap. As a consequence, Hall resistances
inherent to Berry curvatures in the reciprocal space decreases. No-
tably, resonance-enhanced terahertz Faraday rotation emerges as the
gap is opened. Our work calls for further studies of related materials.
For example, one may increase electron localization (hence electron
correlations) by doping atoms with 3d (e.g., Fe, Co, and Cu) or 5f/4f
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(e.g., Gd) electrons (14). It is also interesting to tune the spin-orbit
coupling by doping (especially isostructural and/or isoelectronic
doping) of heavy elements (e.g., Pb).

One of the major challenges in AFM spintronics is the electric
detection of AFM spin order. In this respect, conventional collinear
AFMs, which do not exhibit AHRs due to vanishingly small magne-
tization, are not good candidates for AFM spintronics (28). The rich
noncollinear spin textures and the substantial Hall resistances in the
Mn;Sn family of compounds make it a promising contender for such
applications. Moreover, the noncollinear spin orders and/or the to-
pological aspects in Mn3Sn present new opportunities for spin-charge
conversion and spin orbit torque switching of AFM spin orders.
These Mns,,Sn;_ films with greatly extended compositional range,
tunable strong correlations, unusual Hall resistances, and resonance-
enhanced terahertz Faraday rotation, offer new prospects, as exem-
plified in this work, and may further propel the nascent field of
topological AFM/terahertz spintronics and the development of novel
spin-based devices.

MATERIALS AND METHODS

The Mnj3,,Sn;_, films were synthesized by DC cosputtering of Mn
(99.99%) and Sn (99.99%) targets at a sputtering rate of about 2 A/s
in a high-vacuum magnetron sputtering system with base pressure
better than 5 x 107® torr. Each batch of films with compositional
wedge (pure phase) was grown on a wafer with dimensions approx-
imately 7 mm by 50 mm. After growth, the wafer was cut into 13 to
14 pieces (each of them had a size of around 3.5 mm by 7 mm) along
the wedge direction for XRD measurements. Each piece was further
cut for transport (~2 mm by 3.5 mm; electrodes were made by wire
bonder) and/or other characterizations. (0001) Mn3,,Sn;_, films were
grown at substrate temperature of Ts =~ 300°C on C-AL,O3 substrate
with Pt seed layer and Si (111) substrate with Ag seed layer. (1120)
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Mn;,,Sn)_, films were grown at substrate temperature of Ts =~ 400°C
on R-AlL,O; substrate without seed layer. The samples presented
in this work are listed in table S1. The compositions of films were
measured/calibrated on 150-nm (0001) Mnj3.,Sn;_, films by energy-
dispersive spectroscopy (EDS) in a scanning electron microscope.
For transport measurements on (0001) films, the buffer layer (Pt) is
slightly doped (or the thickness is reduced) to increase the resistivity
but retains its crystalline quality, so that the contribution from the
buffer layer is minimized. The magnetization measurements were
done in a Quantum Design PPMS system equipped with a vibrating
sampling magnetometer (VSM) and a room temperature VSM. The
DC transport measurements were done in a 9-T cryogen-free
Quantum Design PPMS system with transport rotator assembly.
Terahertz measurements were done in a home-built spectrometer
that is coupled to a cryogen-free 7-T split-coil superconducting mag-
net with a base temperature of 1.6 K.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eabc1977/DC1
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