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ABSTRACT

The magnetic transition, transport properties, and magnetic domain structures of the polycrystalline Mn; gFe; ;Sn compound with a
hexagonal structure have been investigated. The result shows that ferromagnetic and antiferromagnetic phases coexist in this compound. A
large topological Hall effect up to 3.5 uQ-cm at 50K has been found due to the formation of noncoplanar spin structures when the
competition occurs among magnetocrystalline anisotropy, antiferromagnetic coupling, and ferromagnetic interaction at low temperature.
The result of in situ Lorentz transmission electron microscopy cooling experiment at zero field indicates two shapes of domain walls

containing vortexes coexisting simultaneously in the compound.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011570

Heusler compounds have always been the focus of attention due
to their fascinating physical properties and potential applications in
spintlronics,l’3 half-metals,” ferromagnetic shape memory alloys,(”8
and magnetocaloric effects.”'” A classic composition is defined as the
X,YZ structure, where X and Y are transition or rare-earth metals and
Z is a main group element. Generally, they crystallize a kind of cubic
structure such as the Cu,MnAl-type Heusler structure (space group
Fm-3m) or Li,AgSb-type so-called inverse Heusler structure (space
group F-43m). If its crystal structure is compressed or stretched
by external conditions along cubic (001) or (111) axes, the tetrago-
nal or hexagonal lattice can also be generated, respectively.'' As a
result, other crystal configurations can be found in previous
literature.'>"”

The important one among them is Mn,-based Heusler alloys,
which have received widespread attention recently. Gasi et al. reported
the exchange-spring magnetic behavior in Mn,FeGa alloy.'* Liu et al.
also found the giant exchange bias up to 0.132 T at 5K in this alloy."”
Luo et al. predicted theoretically that Mn,FeZ Heusler compounds
would present the half-metallic feature for Z=Al and Sb."” Faleev et al.

predicted that Mn,FeSn is an inverse Heusler alloy of tetragonal dis-
tortion by the peak-and-valley feature of the density of states (DOS)."®
Ma et al. thought that Mn,FeSn will have a pseudogap after 9 states in
majority, which can generate a half-metal or near-half-metal by theo-
retical calculations.'” At the same time, the large topological Hall effect
was reported in Mn,PtSn bulk and thin films.">'® Those characteris-
tics motivate one to find other Mn,-based alloys and have a compre-
hensive research. In addition, Fichtner et al. reported that some
parameters such as magnetic moment, Curie temperature, Seebeck
coefficient, and electrical properties can be regulated by variation of
the Mn content in the Ni, ,Mn,,Sn alloys.19 Giant exchange bias
can also be attained by the adjustment of the Mn/Fe ratio in
Mn,_,Fe;,,Ga with x = 0.3 and 0.5.” Interestingly, off-stoichiometric
Ni-Mn-Ga alloys exhibited the rich magnetic domain structures, such
as magnetic bubbles and biskyrmions.”’ ** Until now, however, there
are few research studies on Mn, ,Fe; ,Sn alloys in experimental
details. Chemical order and the coexistence of multiple phases add the
mysterious and complex features for Mn,-based Heusler alloys.'”**
Felez et al. studied the tunable Curie temperature by substituting Fe
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for Mn in the MnySn compound.”” The result shows that the
Mn;_,FeSn (x=1) alloy displays a typical ferromagnetic feature and
has a Curie temperature that is near or higher than room temperature,
which is beneficial for the observation of the magnetic domain struc-
ture. Based on these reasons, Mn,_,Fe;,Sn alloys with x=0.1 were
selected to be studied in detail. The crystalline structure, magnetic
transition, magneto-transport properties, and magnetic domain struc-
ture of this alloy were investigated. It was found that the alloy exhibits
a large topological Hall effect at low temperature and an interesting
magnetic domain structure.

A high quality polycrystalline Mn, oFe; ;Sn ingot was prepared
by the traditional arc-melting method under protection of a high-
purity argon atmosphere. The phase component and the crystalline
structure were characterized by the x-ray diffraction (XRD) measure-
ment using a Rigaku D/Max-2400 diffractometer with Cu Ko radiation
(A=1541A). The thin plate for Lorentz transmission electron
microscopy (LTEM) observation was prepared by traditional mechan-
ical polishing and argon ion milling. A JEOL-dedicated LTEM was
used to image the magnetic domain configuration with almost no
remnant magnetic field near the sample. A liquid-nitrogen TEM sam-
ple holder (from room temperature to about 100 K) was employed to
perform an in situ cooling experiment. Magnetic properties were
examined using a superconducting quantum interference device mag-
netometer (SQUID-VSM). Transport properties were measured on a
Quantum Design Physical Property Measurement System (PPMS).

The typical powder XRD pattern and Rietveld refined result at
room temperature of the Mn; oFe; ;Sn alloy are displayed in Fig. 1(a).
All the diffraction peaks of the sample can be indexed as the D0, 4 type
hexagonal structure with space group P6;/mmc rather than the con-
ventional cubic structure. The lattice parameters from the result of
Rietveld refined are a=0.5567 nm and ¢ =0.4449 nm. It should be
stressed that the strongest peak in Mn,FeGa with the same crystal
structure is the (201) peak rather than the (002) peak,13 which
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FIG. 1. (a) XRD patterns and Rietveld refined results of the Mn4g¢Fe;1Sn com-
pound measured at room temperature. (b) Temperature dependence of ZFC and
FC magnetization under a magnetic field of 0.01 T. The inset shows the tempera-
ture dependence of the inverse susceptibility . (c) Hysteresis loops sweeping
field between 5T and —5T at different temperatures from 50K to 300K. (d)
Temperature dependence of longitudinal resistivity under zero field.
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indicates a strong texture along the [002] crystal orientation in the pre-
pared sample. The result of the x-ray energy dispersive spectrometer
(EDS) shows that the average atomic ratio of Mn:Fe:Sn is about
0.4727:0.2448:0.2825, which is close to the stoichiometric ratio of
Mn; oFe; 1Sn. Figure 1(b) shows the temperature dependence of mag-
netization of the sample. Zero-field-cooled (ZFC) and field-cooled
(FC) magnetization vs temperature (M-T) curves were recorded at
temperatures from 5K to 380 K under an applied field of 0.01 T. As it
can be seen from Fig. 1(b), the magnetization slightly decreases upon
increasing temperature from 5K to 128 K (T,), manifesting that the
alloy first undergoes a process of spin reorientation due to rotation of
magnetic moments. When the temperature increases to 171K (Ty),
there are two cusps in both ZFC and FC curves, indicating that a mag-
netic transition occurs from antiferromagnetism (AFM) to paramag-
netism (PM) for one phase in the alloy. The magnetization sharply
reduces at 323 K (T¢) upon further increasing the temperature, which
shows a ferromagnetic (FM) transition for another phase. According
to the previous result,”® the coexistence of FM and AFM phases is not
uncommon in the polycrystalline Mn-Fe-Sn system, which is also
found in our sample. Moreover, we make a fit of the high-temperature
zone where the reciprocal of susceptibility presents a good linear
behavior, indicating that the paramagnetic Curie temperature Op of
Mn;, oFe; ;Sn alloy is about 330 K [inset of Fig. 1(b)].

Figure 1(c) exhibits the magnetic hysteresis loops measured with
applied fields up to 5T at various temperatures. All magnetization
curves exhibit the character of FM, namely, the magnetization rapidly
rises with the increasing magnetic field. An obvious hysteresis has
been found in the magnetization curve at 50K, and the coercivity
decreases from 0.34 T at 50K to 0 T at 130 K (slightly higher than T),
which is due to the change of magnetocrystalline anisotropy with the
increase in temperature.”’ It should be pointed out that the magnetiza-
tion shows a linear magnetization process under a low field below
170 K, which is regarded as the feature of AFM.”® In addition, this
“collapse” phenomenon in magnetization curves was thought as
decoupling interaction in permanent or nanocomposite materials due
to the weak exchange-coupling between two magnetic phases.”””’
This evidence favors a conclusion that the sample is the coexistence of
FM and FM in the low-temperature zone, which is in accord with the
analysis in M-T curves above. When the temperature is higher than
180K, the sample presents a standard feature of soft magnetic
materials.

Transport properties are measured by a standard six-electrode
method. Figure 1(d) shows the temperature dependence of longitudi-
nal resistivity p ranging from 5K to 300 K under zero magnetic field.
It can be obviously seen that p drops mildly from 300 xQ-cm at 5K to
263 pQ-cm at 300K, presenting a negative temperature coefficient
(NTC). In pursuance of the empirical rule of Mooij, metallic materials
with electrical resistivity values above 100-200 pQ-cm usually show a
NTC for all temperatures.”’ " It reveals that the sample exhibits the
nonmetallic behavior. A similar phenomenon has also been observed
in Ni,_,Mn,_,Sn alloy with x =1 and Sr,FeMoOs.'”** Fichtner et al.
thought that this situation is caused by chemical disorder. When the
metal acquires its critical disorder value (Ioffe-Regel limit), the
increase in disorder results in the efficient electron screening of
the scattering potentials.'” Kobayashi et al. attribute the phenomenon
to the preparation procedures of samples in the ceramic of
Sr,FeMoQg” However, we speculate that it is likely to the change in
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the band structure for Mn, Fe;,Sn alloy, presenting a half-metallic
conductivity.'”*

The magnetic field dependence of Hall resistivity py, under the
same measurement condition is displayed in Fig. 2(a). The p-H
curves also show the hysteresis effect below 130 K similar to the hyster-
esis loops [Fig. 1(c)]. The value of py, decreases with the increase in
temperature, which coincides with the trend of the p-T curve above.
Generally, Hall resistivity p,, can be expressed as p,, = pffy + pﬁ?},
+ p), = RoB + Sap%M + p[,, where normal Hall resistivity p}j has a
linear relationship with applied magnetic field B. Anomalous Hall
resistivity pXAy is proportional to the magnetization. Topological Hall
resistivity pzy will disappear under high magnetic fields due to the full
aligned arrangement of magnetic moments. R, is the normal Hall
coefficient, and S, stands for the scaling coefficient independent of
field B."*"" According to the p,,~H curves of the sample, it can be
clearly observed that p,, contains both normal Hall resistivity pXNy and

anomalous Hall resistivity pj?y. Therefore, the formula p,,/B =Ry

+ SapM/B is employed to fit the constant R, and S, at the fixed
temperature where the value of Ry and S, can be obtained from
the intercept and slope of the linear curve, respectively, as shown in
Fig. 2(b). The value of Ry changes the sign from negative to positive at
180K, demonstrating that the type of conduction transforms from
electrons to holes. A previous report also shows the change in the
charge carrier type in the ribbon of Mn,PtSn due to the competition
between two conducting charge carriers.'” In addition, it cannot be
ruled out that the change in the magnetic structure results in the alter-
ation of the band structure around 180 K. Hence, the precise electronic
and magnetic structures need to be studied further.

Topological Hall resistivity pzy is obtained by subtracting pffy
and pfy from total pyy, as plotted in Fig. 2(c). A large pIy about near
3.5 uQ-cm is found in the sample at 50 K, which is slightly larger than
the maximum value at 2K of Mn;Sn.”” Then, it damps promptly to
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FIG. 2. (a) Hall resistivies py, as a function at various temperatures ranging from
50K to 300K for the Mn4 gFe; 1+Sn compound. (b) Temperature dependence of ordi-
nary Hall coefficient Ry obtained by fitting the formula. (c) Magnetic field depen-
dence of pIy extracting from total p,, in the same temperature region. (d)
Temperature dependence of the magnetocrystalline anisotropy constant (K,) rang-
ing from 5K to 300 K.
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0.18 uQ-cm at 170 K. When the temperature rises to 180 K, the sign of
pIy changes from positive to negative. We think that the topological

Hall effect is attributed to the competition among magnetocrystalline
anisotropy, antiferromagnetic coupling, and ferromagnetic interaction.
This may be explained as follows: when the temperature is lower than
130 K (near Ty), the competition among three factors together influen-
ces the magnetic texture of the Mn, oFe; ;Sn alloy. In general, antifer-
romagnetic coupling and ferromagnetic interaction make magnetic
moments tend to collinear arrangement in the c-plane for the
Mn, oFe; ;Sn alloy. But magnetocrystalline anisotropy on account
of strong texture along the c-axis causes the rotation of magnetic
moments from the c-plane toward the c-axis, further resulting in
the formation of noncoplanar spin structures. It can induce the
Berry phase to the conduction electrons, which will contribute to
the Hall resistivity.”*”” The stronger the anisotropy is, the greater
the angle of deviation is. Upon increasing the temperature to 180 K
(near Ty), the abatement of anisotropy gradually weakens the
competition with two other factors, thus leading to the reduction
of pgy. When the temperature exceeds 180 K further, only the weak

anisotropy and ferromagnetic interaction take part in the competi-
tion to the formation noncoplanar spin textures as a result of AFM
phase transition, producing the lower level of pIy. At the same
time, the alteration of the sign of pgy at 180K is likely due to the
same reason.

To roughly illustrate the temperature dependence of magneto-
crystalline anisotropy constant K,,, we determine the anisotropy field
Hy, at different temperatures referring to the literature.”” The formula
K, = HxM,/2 is employed to calculate the value of K, shown in
Fig. 2(d), where the saturation magnetization M is determined by the
law of approach to saturation (LATS)."" A monotonically decreasing
trend for the value of K, can be found with increasing temperature,
and there is a faster rate of decent at low temperature. It demonstrates
the rapid change of magnetocrystalline anisotropy with the increase in
temperature, which have a strongly effect on the domain. This appear-
ance of the topological Hall effect may also indicate the appearance of
diversifying domain structures over a very wide temperature region.

Figure 3 displays the under-focused LTEM images of the temper-
ature dependence of magnetic domain evolution for the Mn, gFe; ;Sn
alloy at selected temperatures. A series of vortexes and anti-vortexes
can be seen in Fig. 3(a) at 273 K (below T¢). It should be noted that
there are two shapes of domain walls of vortexes. One, marked with I
and I in Figs. 3(b) and 3(c), is the so-called one-dimensional periodic
array composed of the alternating “dark dots” (bright dots) and
“bright lines” (dark lines), which is elaborated in the supplementary
material of La,_,Sr,MnOs with x=0.175 at length.*” Another is the
cross-tie domain wall marked III in Figs. 3(b) and 3(c), which consists
of the alternate vortex and antivortex and has been thoroughly studied
in the amorphous Ce-Fe-B system.”” With the decrease in tempera-
ture, the vortexes begin to annihilate [Figs. 3(b)-3(e)]. When tempera-
ture decreases to 178 K below [Figs. 3(f)-3(i)], the pairs of vortex and
anti-vortex totally vanish and the domain walls transform into the
conventional Bloch walls. According to the analysis of magnetic
anisotropy constant K, it shows a low value when temperature is
higher than 200 K. A large number of vortexes are likely to be related
to the low magnetocrystalline anisotropy of the sample in this temper-
ature region,"’ which is consistent with the afore-mentioned analysis.
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FIG. 3. Magnetic domain structure evolution observed by means of LTEM in under-
focus mode for the Mn; gFe; 4Sn thin plate as the temperature was decreased from
273K to 143K at zero magnetic field. (a) 273K, (b) 228K, (d) 198K, (e) 188K, (f)
178K, (g) 167K, (h) 154K, and (i) 143K. (c) The magnified images for three
selected areas of (b). Vortex (V) and antivortex (AV) are marked by red and green
circles in Figs. 3(a)-3(f), respectively.

Unfortunately, the magnetic domain structure cannot be detected
below 128 K (T) owing to the technical limitation of the current mea-
surement, but we can predict that an interesting domain structure
may exist in Mn; gFe; ;Sn alloy in the lower temperature zone as a
result of the appearance of the topological Hall effect at zero field.

In conclusion, we reported the magnetization, transport proper-
ties, and magnetic domains of the polycrystalline Mn, gFe; ;Sn com-
pound. A large topological Hall effect up to 3.5 u€Q2-cm at 50 K has been
found due to the formation of the noncoplanar spin structure when the
competition among magnetocrystalline anisotropy, antiferromagnetic
coupling, and ferromagnetic interaction occurs at low temperature.
The result of in situ Lorentz transmission electron microscopy cooling
experiment at zero field indicates two shapes of domain walls including
vortexes and antivortexes that coexist in this sample.

See the supplementary material for the composition (S1), the
magnified view of hysteresis loops at different temperatures (S2),
extraction of topological Hall resistivity at representative temperature
(S3), the fitting value of scaling coefficient S, (S4), the field depen-
dence of magnetization of the hard-axis (black line) and easy-axis (red
line) in the wide temperature range and temperature dependence of
the saturation magnetization M; (S5), and the experimental results of
hysteresis loops and Hall resistivity of the repeated sample (S6).
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