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Abstract Noncollinear antiferromagnetic Mn;Sn films
have received much attention due to their potential appli-
cations in antiferromagnetic spintronic devices. In this
work, single-phase polycrystalline antiferromagnetic
Mn;Sn thin films were successfully prepared by magnetron
sputtering. The defects in the thin films were regulated by
adjusting the sputtering power. The relationship among the
films structure, the anomalous Hall effect (AHE) and the
defects was investigated. High defect concentration in the
Mnj;Sn films led to large room temperature ferromagnetic
moments. The maximum saturation magnetization reached
upto ~ 16 kA-m~"' (36 mp/Mn), which was much larger
than the values reported in literatures. The coercive field of
38 mT was obtained in a high-quality Mn3Sn film, which
effectively reduced the flipping magnetic field. Moreover,
the anomalous Hall resistance and coercive field of the
Mn;Sn films prepared on the ferroelectric substrates were
manipulated through an applied electric field, indicating
that the piezoelectric stress has a great influence on the
nonzero Berry curvature of the triangular spin structure in
the antiferromagnetic materials. These results will promote
the potential application of Mn3Sn in high-density and low-
power antiferromagnetic spintronic devices.

Keywords Noncollinear antiferromagnet; Mn3Sn;
Anomalous Hall effect; Ferromagnetic moment; Electric
field manipulation

Z.-P. Zhao*, Q. Guo, F.-H. Chen, K.-W. Zhang, Y. Jiang
School of Materials Science and Engineering, Taiyuan
University of Science and Technology, Taiyuan 030024, China
e-mail: zpzhao_sx@163.com

@ Springer ||'/_{

1 Introduction

The anomalous Hall effect (AHE) was observed in a bulk
noncollinear antiferromagnetic Mn;Sn by Nakatsuji et al.
[1] in 2015, and its value was comparable to those of fer-
romagnetic materials. Subsequently, Mn;Sn films became
one of the hot spots in antiferromagnetic spintronics.
Mn;Sn is an antiferromagnetic material with a kagome
lattice structure in the c-plane. Owing to the competition of
exchange and Dzyaloshinskii-Moriya interactions, the
120° ordered Mn spins in the triangle are arranged in an
inverse triangle structure and the magnetic moments cancel
each other out [2—4]. In addition, a slight inclination in the
triangular spin structure in c-plane results in a small net
ferromagnetic spontaneous moment (~ 2 mpg/Mn) par-
allel to c-plane below the Néel point [5, 6]. Generally,
AHE is related to the magnetic moment of ferromagnetic
materials. Thus, the unconventional phenomenon in non-
collinear antiferromagnetic materials has attracted great
attention. It is generally believed that the origin of AHE in
Mnj;Sn is related to nonzero Berry curvature [7-9]. Recent
studies have shown that the AHE of antiferromagnetic
Mn;Sn originates from Weyl fermions caused by chiral
antiferromagnetic spin structures. They behave like mag-
netic monopoles in momentum space and lead to a large
Berry curvature, thus producing AHE [5, 10-12]. Antifer-
romagnetic Mn;Sn also has the advantages of no magnetic
field leakage and the ability to control the Hall resistance
(Ryan) by means of a small external magnetic field [1]. In
addition, the latest research shows that the spin Hall effect
and the inverse spin Hall effect can be achieved by
manipulating the noncollinear spin in Mn3Sn [13]. These
features and the novel physical phenomena provide
opportunities for the development and application of high-
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performance spintronic devices, such as high-density
magnetic random-access memories with low power
consumption.

High quality of the Mn3Sn film is the premise for its
application in antiferromagnetic spintronic devices. Some
groups have reported that polycrystalline Mn3Sn [7, 14, 15]
and single-crystalline Mn3Sn [16, 17] films were grown by
the magnetron sputtering method, which exhibited
remarkable AHE. Ikeda et al. [15] found that manganese-
rich Mn3Sn films were necessary to reduce other impurity
phases (such as Mn,Sn phase) in the sample, thereby
effectively enhancing the AHE. You et al. [16] studied the
effect of an external magnetic field along different crystals
on AHE in quasi-epitaxial Mn;Sn films. However, the Hall
resistivity in these studies was generally small, and the
coercive field (H,) in the anomalous Hall curve was greater
than 0.3 T [7, 14-16], nearly ten orders of magnitude
higher than that of a single-crystal bulk Mn;Sn [1]. It is
difficult to obtain low switching magnetic field of Mn3;Sn
films, which creates difficulties for its future application in
high-density spintronic devices. This phenomenon may be
related to the inconsistent particle orientation or excessive
defects in Mn3Sn films.

Thus, obtaining high-quality Mn3Sn films are crucial for
controlling the H. of AHE. However, there are only few
reports on the defect regulation of MnsSn films. On the
other hand, electric field control of the magnetization and
AHE is an extensively field due to its enormous potential
application in spintronic devices with high speed, small
size and low energy exhaust [18-20]. In strain-mediated
magnetoelectric coupling mechanism, the (011)-oriented
07Pb(Mg1/3Nb2/3)O3—03PleO3 (PMN-PT) substrate has
been widely selected for the anisotropy manipulation
because of the large anisotropic piezoelectric coefficient
[21-24]. In this work, Mn3Sn films with different defect
concentrations were prepared by the magnetron sputtering
method, and the film growth rate was tuned by adjusting
the sputtering power. A H. of 38 mT in the anomalous Hall
curve was obtained, and the Hall resistance and coercive
field of Mn;Sn films were regulated by the applied electric
field.

2 Experimental

Mn;Sn films with thickness of 40 nm were prepared on
(111)-oriented MgO substrates by DC magnetron sputter-
ing method using different sputtering powers. The sput-
tering target was Mnj ;Sn alloy. In the experiment, the base
pressure was 6.65 x 107° Pa. The Ar sputtering pressure
was set to 0.665 Pa, and the substrate temperature was set
to 200 °C. The sputtering powers of Mn; ;Sn alloy targets
were fixed at 30, 40, 50 and 70 W, and the corresponding
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film growth rates were 0.016, 0.022, 0.032 and
0.043 nm-s~', respectively. The corresponding samples
were marked as S-30, S-40, S-50 and S-70, respectively.
The Mn;Sn films grown on MgO substrates were annealed
under vacuum at 500 °C to facilitate the crystallization of
Mnj;Sn. In order to study the influence of the electric field
on the properties of the Mn;Sn film, the sample with a
thickness of 60 nm was grown on the (011)-oriented PMN-
PT substrate with the sputtering power fixed at 40 W.

The film structure was characterized by X-ray diffrac-
tion (XRD, Bruker D8 Advance) and transmission electron
microscopy (TEM, FEI Tecnai G2 F20). The magnetic
properties were measured by a superconducting quantum
interference device (SQUID, Quantum Design MPMS-5).
The magnetic field dependence of the transport was carried
out using a conventional four-probe method. The Hall
resistance was characterized by a physical properties
measurement system (PPMS, Quantum Design PPMS-9)
with the van der Pauw method. A linear ordinary Hall
effect (OHE) contribution has been subtracted in the Hall
resistance due to that the Hall resistance consists of OHE
and AHE contributions in the Mn3Sn films.

3 Results and discussion

Figure 1 shows XRD patterns of the Mn3;Sn films prepared
by sputtering with sputtering powers of 30, 50 and 70 W,
respectively. It can be seen from Fig. 1 that all the
diffraction peaks of the films correspond to hexagonal D0;q
Mn;Sn, indicating that the single-phase polycrystalline
state was formed and dominated by the (002) orientation.
As the sputtering power (growth rate) decreased, the
crystallinity of the films and the intensity of diffraction
peaks increased significantly. Generally, intermetallic
alloys possess larger surface energies than the oxide sub-
strate materials. This difference in surface energy results in
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Fig. 1 XRD patterns of Mn3Sn films deposited with different
sputtering powers
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the island-like growth of the films and more defects at the
particle boundaries at high temperatures due to wetting
problem [25]. In the case of low sputtering power of
Mnj;Sn, small atomic flux density and low kinetic energy of
metal atoms reaching the substrates resulted in a small
deposition rate of MnzSn. This facilitated the growth of flat
atomic layers, thereby reducing the defects in the films and
improving the crystal quality [26]. By comparing the
position of the (002) diffraction peak of Mn;Sn in Fig. 1
(shown by the dotted line), the (002) diffraction peak of the
samples with low sputtering powers exhibited obvious blue
shift, which further indicates few defects in the films.

To further illustrate the crystal structure of the Mn;Sn
films, Fig. 2 shows high-resolution TEM (HRTEM) and
fast Fourier transform (FFT) images of the Mn3Sn thin film
prepared with the sputtering power fixed at 50 W (S-50
sample). It can be seen from Fig. 2a that there were some
micro-regions with different lattice stripe spacings and
orientations in the film. In combination with the FFT of
thin film (Fig. 2b), it can be concluded that the S-50 sample
has a polycrystalline structure. In order to determine the
crystal structure of different micro-areas in the film, the
reverse FFTs of the three micro-areas are shown in
Fig. 2c—e, respectively. The interplanar spacings of 0.226,
0.208 and 0.217 nm correspond to the (002), (012) and
(021) planes of the hexagonal crystal structure, respec-
tively. These results are consistent with XRD data.

Next, the magnetic properties, magnetoresistance (MR)
and AHE of the samples were evaluated. Figure 3 shows
the magnetic hysteresis loops of the Mn;Sn films with
different sputtering powers measured at room temperature.
The external magnetic field was applied parallel to the film
plane. It can be seen that all samples displayed significant
room temperature ferromagnetic characteristics, and the

-
0.217 nm § i

Fig. 2 a Cross-sectional HRTEM image and b FFT image of Mn3Sn
film with sputtering power fixed at 50 W; reverse FFT images of three
nano-areas in a: ¢ Area I, d Area II, and e Area III
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Fig. 3 Magnetic hysteresis loops of MnsSn films deposited with
different sputtering powers measured at room temperature

value of H, was around 20 mT. The saturation magneti-
zation (Ms) of samples prepared at sputtering powers of 30
and 40 W was about ~ 5 kA-m~! (11 mpg/Mn). The Mg
values of the samples using high sputtering power
increased significantly, and the value of the S-70 sample
reached ~ 16 kA-m~! (36 mpg/Mn), which was much
higher than the previously reported values [14, 15, 27].
This may be due to more defects in the film, leading to
more uncompensated magnetic moments generated by the
Mn atoms in the (001) plane and even the residual mag-
netic moments in the direction perpendicular to the (001)
plane [16]. The increased concentration of defects was also
reflected in the decreased diffraction peak intensity of the
samples prepared using high sputtering powers in XRD
patterns. In addition, theoretical and experimental studies
have demonstrated that single-crystal Mn;Sn hosts Weyl
fermions [5, 28].

The magnetic field dependence of the MR curves for the
Mn;Sn thin film with the sputtering power fixed at 50 W
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Fig. 4 Magnetic field dependence of MR of Mn;3Sn film with

sputtering power fixed at 50 W under a magnetic field parallel and

perpendicular to current measured at room temperature
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was carried out at room temperature using a conventional
four-probe method, as shown in Fig. 4. Here, the magnetic
field (H) was applied parallel and perpendicular to the
current (/), and the maximum applied magnetic field was
2T. The MR is defined as MR = [R(H) — R(0)/
R(0)] x 100%, where R(0) and R(H) are the resistance at
zero field and magnetic field (H). It can be seen that the
value of negative MR is about 0.02% with the magnetic
field parallel to the current, and the one is almost zero with
the magnetic field perpendicular to the current, confirming
the topological Weyl semimetal state realized in the single-
phase polycrystalline Mn3Sn films as reported in the
Mnj;Sn single crystals [5, 28].

Figure 5 shows the room temperature anomalous Hall
curves with significant hysteresis loop characteristics for
the Mn;Sn films prepared under different sputtering pow-
ers. Compared to the magnetic properties (Fig. 3), the
value of H. in the AHE is much higher than that of the
magnetic hysteresis loops, which also indicates that ferro-
magnetism and AHE have different sources in the Mn3Sn
films. The magnetism comes from the canted Mn magnetic
moment in the triangular spin structures [5, 6, 29], while
AHE originates from nonzero Berry curvature of non-
collinear antiferromagnetic materials [7-9]. From Fig. 6, it
is evident that the H. of the anomalous Hall curve
decreased gradually with the decrease of sputtering power.
The H. value of the S-70 sample was found to be 290 mT,
while that of S-30 sample reduced by an order of magni-
tude, to only 38 mT. This value was much smaller than that
reported in Refs. [7, 14-16]. A small coercive field in the
anomalous Hall loop can effectively reduce the reversal
magnetic field, which is of great significance for high-
density spintronic devices. It can be seen that the defect
concentration in the films can be effectively tuned and the
expected antiferromagnetic Mn3Sn film with a small H,
can be obtained by regulating the sputtering power.

0.04
0.02
0
==}
= -0.02
-0.04
0.04
a 0.02
0
54
-0.02
-0.04

-2000 —1000 0
Field / mT

70 W 50 W

an/ Q

40 W 30 W

Hall

1000 2000 —-1000 O
Field / mT

1000 2000

Fig. 5 Anomalous Hall curves of Mn;Sn films deposited using
different sputtering powers measured at room temperature
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Fig. 6 Dependence of H. of AHE on sputtering power in MnzSn
films

It is a good attempt for low-power piezoelectric strain
manipulation in the application of antiferromagnetic
Mnj;Sn films in magnetic storage devices with high-density
and low-power. In order to study the effect of piezoelectric
strain on the electrical transport properties of the films, a
60-nm-thick Mn3Sn film deposited with the sputtering
power fixed at 40 W was prepared on the (011)-oriented
PMN-PT substrate. In order to clear the magnetic property
of the Mn;Sn film deposited on the PMN-PT substrate, the
right inset in Fig. 7 shows the magnetic hysteresis loop of
the Mn3Sn film measured at room temperature, exhibiting
room temperature ferromagnetic characteristics. Here, the
magnetic field was applied parallel to the film plane. The
Ms is ~ 5.8 kKA-m~' (12.8 mpug/Mn), which is slightly
larger than that of the Mn3Sn film deposited on the MgO
substrate with the sputtering power fixed at 40 W. This
may be due to more defects in the Mn3Sn film on PMN-PT
[16]. The AHE was carried out under different gate electric
fields (Eg), and the external electric field was vertically
applied to the film. The measurement schematic diagram is
shown in the left inset in Fig. 7. It can be seen that when
the Eg value was set to — 2.3 and — 4.2 kV-cm ™', both the
anomalous Hall resistance and the H. of the MnsSn film
increased significantly, as shown in Fig. 7. When the
external electric field was zero, the Hall resistance was
0.034 Q, and the H. was 85 mT. When Eg was set to
— 4.2 kV-cm™', the Hall resistance increased to 0.042 Q
and the H_ became 246 mT. It can be seen that the external
electric field had a significant regulating effect on the AHE.
As the length of Thomas—Fermi screening of metallic
Mn;Sn alloy is very short (Iess than 1 nm) [30], the electric
field will be quickly screened at the film interface. Thus, it
is impossible to affect the interior of Mn;Sn film with a
thickness of 60 nm. Therefore, the regulation of AHE by
E should be realized by the piezoelectric strain of PMN-
PT. Under the action of the electric field, the piezoelectric
strain of PMN-PT substrate affects the MnsSn film,
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Fig. 7 Anomalous Hall curves of Mn;Sn film deposited with sputtering power fixed at 40 W measured at room temperature under different gate
electric fields; left inset being a schematic diagram of Hall resistance measurement with gate electric field perpendicularly applied across
multilayered films; right inset showing hysteresis loop measured at room temperature

resulting in the deformation of the antiferromagnetic tri-
angular spin structure. This gives rise to large Berry cur-
vature and enhanced anomalous Hall resistance [31].
Moreover, there are more defects in Mn3Sn films under
strain, which results in a greater pinning effect of H..

4 Conclusion

In summary, noncollinear antiferromagnetic Mn3;Sn films
were successfully prepared by the magnetron sputtering
method, and the relationship among the magnetism, AHE
and film defect concentration was studied. In the case of
Mn;Sn films, large defect concentration led to remarkable
ferromagnetic moments at room temperature. The maxi-
mum value of Mg reached up to ~ 16 kA-m™" (36 mpg/
Mn). By reducing the sputtering power and the film growth
rate, high-quality Mn;Sn films with effectively reduced
defect concentration were obtained. The H_ of the films
was controlled through the sputtering power and the min-
imum value of H, reached 38 mT, facilitating the appli-
cation for high-density and low-power antiferromagnetic
spintronic devices. In addition, the anomalous Hall resis-
tance and H. of the Mn;Sn film deposited on the piezo-
electric PMN-PT substrate were tuned by the gate electric
field, indicating that the piezoelectric strain at the interface
has a significant effect on the nonzero Berry curvature of
the triangular spin structure in the film.
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