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Abstract

®

CrossMark

We report bulk magnetization measurements and spatially resolved measurements of magnetic
domains in Co3Sn,S; single crystals. The results indicate that a previously reported magnetic
anomaly around 130 K is due to an anomalous domain wall depinning upon cooling. Our
measurements also reveal a hysteresis between field-cooled-cooling and field-cooled-warming
magnetization curves acquired under a constant magnetic field below 300 Oe. This observation
rules out the possibility that the anomaly stems from a second-order phase transition. Our
results further suggest that changes in the shape of hysteresis loops from 5 to 170 K are caused
by an unusual temperature-dependent domain nucleation field that changes sign around 130 K.
The Kerr rotation images of the magnetic domains confirm that the domain walls depin between

120 and 140 K.
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1. Introduction

Weyl Semimetals (WSMs) are material systems with non-
degenerate bands that cross each other near the Fermi
level when inversion symmetry or time-reversal symmetry
is broken [1-3]. As one of the most interesting examples
of WSM [4], CosSn,S; is a ferromagnetic material with a
Curie temperature of 7¢c = 174 K [5]. The topological features
of this material lead to a large anomalous Hall conductiv-
ity [6], an anomalous Nernst Hall effect [7], a negative mag-
netoresistance due to a chiral anomaly [4], and an unusual
breaking-down of Ohm’s law [8]. In addition, an unusually
large magneto-optic effect has also been observed [9].
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Co3Sn,S; crystallizes in a hexagonal lattice with triangular
S and Sn layers interspersed between the kagome lattice planes
of Co. The magnetic structure of this compound is still under
investigation due to an anomaly in its magnetization occur-
ring around 130 K upon cooling [10-16]. Various interpret-
ations have been proposed to explain the anomaly. Wu et al
proposed a hidden magnetic phase in Co3Sn,S; as revealed in
AC susceptibility measurements [17]. Guguchia et al sugges-
ted an antiferromagnetic (AFM) phase in this compound based
on two different muon precessions below T¢ [18]. Meanwhile,
other groups interpreted the anomaly as a spin glass trans-
ition [19, 20], a domain wall transition from linear domain
walls to elliptical domain walls [21], and an enhanced domain
wall motion observed by magnetic force microscopy [22].
Some of these proposals, however, have been challenged by
experiments. For example, no strong evidence for an AFM
phase was found in a neutron scattering experiment [13].

© 2022 0P Publishing Ltd
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In this context, we report bulk magnetization measure-
ments on Co3Sn, S, single crystals in external magnetic fields
applied along the c¢ axis, where we find a depinning of
magnetic domain walls around 130 K upon cooling and
a hysteresis between field-cooled-cooling (FCC) and field-
cooled-warming (FCW) magnetization at low fields. We also
present magneto-optic Kerr effect (MOKE) images of mag-
netic domains in Co3zSn,S; from 120 to 140 K obtained
under an external magnetic field of 94 Oe applied along the
c axis. From the MOKE images, we extract fractions of single
domains and domain walls near the magnetic anomaly around
130 K. While we find no strong evidence of sudden domain
reorganization or domain size changes, we do find a change in
domain fractions consistent with the partial depinning of mag-
netic domains. Our results indicate that the magnetic anomaly
can be explained by a domain wall depinning effect. The ori-
gin of the domain wall depinning effect remains to be further
investigated.

2. Methods

2.1 Single crystal growth

Single crystals of Co3Sn;S, were synthesized by solution
growth [8, 23, 24]. A ternary mixture with initial composi-
tion Co1>SgSngy was first heated to 400 °C over 2 h and held
there for another 2 h. It was then heated to 1050 °C over
6 h and held there for 10 h, followed by a slow, 90 h cool
down to 740 °C. The remaining molten flux was removed by
centrifugation. Shiny hexagonal crystals were obtained. The
powder x-ray diffraction data refines to a hexagonal unit cell
witha = 5.3641(8) A and ¢ = 13.1724 A, which are consistent
with previously reported values [25].

2.2. Magnetization measurements and magnetic domain
imaging

Magnetization measurements of CosSn,S, single crystals
were performed in a Quantum Design MPMS SQUID upto7 T
with the magnetic field parallel to the ¢ axis. Magnetization as
a function of temperature was measured under various applied
fields in both FCC and FCW conditions. Hysteresis loops were
measured by first cooling down to the desired temperature in
zero applied field and then sweeping the field. Before each
measurement, we followed a demagnetization procedure to
minimize the remanent field in the magnet and in the sample
chamber by systematically oscillating the magnet to zero field
at room temperature.

Polar MOKE images are acquired from as-grown
Co3Sn,S,(0001) single crystal samples, using a normal-
incidence Sagnac interferometric scanning microscope [26].
The microscope measures Kerr rotation as opposed to Kerr
ellipticity [9]. It has a spatial resolution of 0.85 um and a
sensitivity of 4.4 urad. The single crystal sample is moun-
ted on a cold finger inside a cryostat. The sample is optic-
ally accessible from outside through an optical window. The

temperature of the sample is variable from 300 to 5 K. We use
a permanent magnet placed outside of the cryostat to produce
a variable magnetic field of up to 100 Oe (0.01 T) along the ¢
axis (the surface normal) of the sample. For this experiment,
the field is held constant at 94 Oe, measured by a Hall effect
Sensor.

3. Results and discussion

3.1 Magnetization measurements

The FCC curve with a magnetic field of 1000 Oe applied par-
allel to the ¢ axis is shown in figure 1, and illustrates the
ferromagnetic-paramagnetic transition. The inverse suscept-
ibility is fit to the Curie-Weiss law and we obtain an effect-
ive moment of 1.14 pp per Co and a Curie—Weiss temperature
of Ocw = 175 K, which are consistent with previously pub-
lished work [4, 23, 25, 27]. There is no difference in the FCC
and FCW magnetization at fields above 300 Oe. If the applied
field is below 300 Oe, however, two anomalies emerge. First,
the FCC and FCW curves start to deviate near Tc. Second,
a local maximum arises at 74 ~ 130 K in the FCC data,
which is also reported in other studies [10—16, 18]. The local
maximum disappears above 300 Oe and below 50 Oe, while a
small hysteresis between FCC and FCW still remains at 50 Oe.
The field dependence of T is relatively small, as shown in
the inset of figure 1(b). The fact that the anomaly disappears
above 300 Oe, where the magnetization is saturated, suggests
its origin is related to magnetic domains. A local minimum
also emerges in the FCW magnetization albeit at higher tem-
perature. The hysteresis between FCC and FCW magnetiza-
tions indicates it is unlikely that the local maximum and min-
imum in the FCC and FCW magnetization are due to a second
order phase transition, which should not depend on magnetic
history.

We will compare the fraction of magnetic domains assum-
ing no pinning with the fraction extracted from our experi-
mental magnetization where pinning effects are inevitable. In
the absence of domain wall pinning, the demagnetising field
H; = N:M perfectly counteracts the applied field, Hypplied, as
long as Hyppliea < N.M;. N, is the demagnetization factor along
the c-direction. Because the c axis is the easy magnetization
axis, N, can be measured experimentally from a plot of M?>
versus Hypplied /M for the M(H) data along the easy axis of
magnetization as shown in figure 2(c). The x-intercept gives
the value of the demagnetization factor along the easy magnet-
ization axis [28, 29]. Due to the existence of domain pinning,
the curves at low temperatures tend to shift to the right. There-
fore, we used the x-intercept at 170 K, where domain pin-
ning is negligible, as the demagnetization factor and obtained
N.=0.608. M; is the spontaneous magnetization, which is
obtained from the extrapolation to zero field of M(H) curves,
as shown in figures 4(c) and (d). The magnetization of the
sample can be related to the fraction of up domains n4, where
M = (2ny — 1)M;. From H,ppiica = N.M, we can determine 7
as follows:
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Figure 1. (a) Magnetization as a function of temperature measured
by FCC in a 1000 Oe applied field parallel to the ¢ axis. The blue
curve shows a Curie—Weiss fitting with an effective moment 1.14 pp
per Co. The inset shows a Co3Sn,S; single crystal grown from
solution growth. (b) FCC and FCW curves show a hysteresis
between 100 K and T¢c = 174 K. T4 is the temperature of the
magnetic anomaly where the FCC magnetization reaches a local
maximum followed by a downward kink. The inset shows the field
dependence of T4.
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The applied field, H,ppiieq, and the demagnetization factor, N,
are temperature independent. Equation (1) gives us the res-
ult that, without pinning, the fraction of up domains should
decrease as temperature decreases because M, increases.

In figure 2(a) we compare the calculated fraction of magnet-
ically aligned (up) domains with the value deduced from the
experimental magnetization. The blue and red curves are the
temperature dependence of the up-domain fraction extracted
from the FCC and FCW magnetization respectively at 100 Oe,
with the following formula:

Mo 1
ny = —.
T oM, 2

@

The black curve is the fraction of up-domain calculated from
a demagnetization theory [30] in equation (1). We can see that
domain wall pinning keeps the up-domain fraction above the
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Figure 2. (a) Temperature dependence of the fraction of up
domains extracted from FCC (blue curve) and FCW (red curve)
magnetization data at H = 100 Oe compared to our model based

on demagnetization theory with N. = 0.608 (black curve).

(b) Comparison between FCC and FCW magnetization at 100 Oe
and 0M; with 6 =0.31. (¢) M? versus H /M at various temperatures.
The intercept on the x-axis (orange line) reveals a demagnetization
factor N of 0.608.

theoretical value for all but the temperatures near 7¢. While
cooling down below T¢, the system encounters a domain-
wall pinning effect where the blue curve begins to devi-
ate from the black curve. This domain-wall pinning causes
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the magnetization to increase nearly proportionally to M
as shown by the blue curve in figure 2(b). Below around
132 K, the system enters a partial depinning region where the
up-domain fraction decreases toward its theoretical no pin-
ning value. The magnetization consequently decreases, which
causes a local maximum near 132 K. Upon further cool-
ing, there is a competition between this anomalous depinning
effect and the reduced thermal energy which tends to favor
pinning. The reduced thermal energy eventually dominates
around 120 K and domain walls tend to pin again. Therefore,
the magnetization tends to be proportional to My, i.e. M = M
with 6 =0.31. The repinning is consistent with the fact that
domain walls in Co3Sn,S; rarely move below 119 K as repor-
ted by a Lorentz microscopy study [31]. Upon warming up,
as shown by the red curve in figure 2, since domain walls are
pinned, the domain fraction remains unchanged until around
155 K, where the increased thermal energy allows more up
domains to form. Due to the presence of domain-wall pinning,
the total magnetization of the sample when cooled down and
warmed up follows two different pathways, resulting in the
hysteresis between the FCC and FCW magnetization curves.
For evidence of domain-wall depinning effects, we meas-
ured hysteresis loops with the applied field only up to 100 Oe at
various temperatures. An example is shown in figure 3(a). We
note that domain structures depend on defects and the shape
of a sample [32, 33]. For this reason, we use the same sample
for all the bulk magnetization measurements presented in this
article. The virgin curve at 130 K remains flat at first, then
increases with a constant slope, which is the hallmark of a
domain-wall pinning-type virgin curve [30]. The magnetiza-
tion of the field-increasing part of the hysteresis loop is smal-
ler than that of the virgin curve, indicating that the domains
encounter some pinning effect. Asymmetry between positive
and negative coercive field emerges up to 160 K. The asym-
metry can be attributed to the exchange bias, which has been
observed by other groups [19, 34], or the remanent field dur-
ing the measurement. At 130 K, the negative coercive field is
H; = —34.3(5) Oe, while the positive coercive field is H} =
42.1(3) Oe, and the actual coercive field, H,, is taken to be
the average of the absolute value of the two. The nucleation
field Hﬁuc, below which the down domains start to form, was
obtained as shown in figure 3(a). If there were no domain-wall
pinning, the M(H) curve should be a straight line. Therefore,
the coercive field should always be zero and the nucleation
field Hy, should be the highest field of the hysteresis loop, i.e.
100 Oe. However, figure 3(b) reveals a local maximum of H,
and a local minimum of Hﬁuc at 132 K, below which H_ starts
to decrease and Hﬁuc starts to increase, indicating a partial
domain-wall depinning. The domain wall depinning around
130 K is consistent with the high mobility of domain walls
observed near 130 K with a magnetic force microscope [22].
Further below 120 K, domain-wall pinning strength increases
again. H, consequently increases and Hﬁuc decreases. We note
that the local maximum disappears at fields above 300 Oe. As
shown in figure 5, 300 Oe is the largest value of the nucleation
field when this sample is fully magnetized. Therefore, down
domains cannot form above 300 Oe and the local maximum
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Figure 3. (a) Hysteresis loop with applied field parallel to the c axis
up to 100 Oe. The arrow shows the coercive field H.. Nucleation

field H#uc is obtained by the intersection of red lines. (b) H. and
Hﬁuc, with maximum field up to 100 Oe, as a function of
temperature.

disappears. The actual value of the nucleation field depends
on the shape of the sample and defects [32, 33]. Although the
field above which the local maximum in the FCC curve dis-
appears varies among different samples, the depinning around
130 K is a general observation in this compound [10-16, 18].
While domain-wall pinning upon cooling is very common in
many systems, depinning upon cooling is anomalous. The ori-
gin of the depinning, however, is still under investigation. It is
possible that the depinning is enabled by the recently observed
local structure distortion [20] which can reduce the local aniso-
tropy energy and thus allows domains to flip, causing the
depinning around 130 K.

Since the sample is single domain at high fields, one can
wonder if there is still evidence for the magnetic anomaly
in the hysteresis loops up to 7 T. As shown in figure 4,
the spontaneous magnetization, M, is about 0.3 up/Co at
5K [6, 25]. We also found that increasing temperature causes
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shown. The hysteresis gradually changes from rectangle to bi-triangular shape. Spontaneous magnetization M is obtained as shown in
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Figure 5. Temperature dependence of nucleation field and
maximum demagnetization field. The red dashed line shows the
300 Oe field.

the shape of the hysteresis loop to change from a rectangular
shape (5 K), to a triangular-tailed rectangle (100 K), to a bi-
triangular shape (132 K), until the hysteresis disappears com-
pletely (160 K). The change from triangular-tailed-rectangle
to rectangular shape of hysteresis loops can be explained with
a domain-wall motion model. As shown in figure 5, the mag-
nitude of the nucleation field increases as cooling down, until,
around 85 K, it exceeds the magnitude of the demagnetization
field, causing the hysteresis loop changes from a triangular-
tailed shape to a rectangular shape [35]. While there is no
minimum in the nucleation field, we find that the nucleation
field changes its sign around 130 K, causing the hysteresis
loop changes from a bi-triangular shape to a triangular-tailed
shape.

3.2. Magnetic domain structures from 140 to 120 K

Except for a recent MOKE study reported by Lee and cowork-
ers [21], domain structures of Co3Sn;S,(0001) single crystal
samples are largely unknown. By measuring spatially resolved
magnetization through the Kerr effect as a function of tem-
perature, we can examine whether the magnetic anomaly is
intrinsic to the physics in a single domain, or, as we sugges-
ted previously, is due to the presence of multiple domains and
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Figure 6. Polar Kerr rotation images of Co3Sn,S,(0001) after FCC
in H| = + 94 Oe (pointing out of paper along the c-axis) from room
temperature acquired at (a) 140 K; (b) 136 K; (c) 132 K; (d) 128 K;;
(e) 124 K; (f) 120 K. Red regions are domains with magnetization
pointing out of paper along the direction of the applied magnetic
field; blue regions are domains with magnetization pointing in the
opposite direction. The unit of Kerr rotation is purad. The scale bar is
50 pm. The image size is 240 ym x 240 pm.

domain walls. Such detailed information is elusive from bulk
measurements averaged over the entire sample.

To examine the domain structures near 7= 130 K, we
acquired a set of MOKE images at 140, 136, 132, 128, 124,
and 120 K after the sample is field cooled in a magnetic field
of Hj = +94 Oe. These images are shown in figure 6. Other
than the disappearance of a small embedded red domain in
the upper left corner (between 136 and 132K) and that of
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Figure 7. Evolution of the fraction of up and down domains and
domain walls while cooling down extracted from MOKE images.
The fraction of up domains shrinks while the fraction of down
domains grows.

an embedded blue domain to its immediate right (between
128 and 124K), the domain structure remains essentially
unchanged between 140 and 120 K. Limited by the spa-
tial resolution of the scanning microscope (0.85um), from
these MOKE images alone, we cannot rule out transitions that
involve domain walls, such as those proposed in [21].

We extract the fraction of up domains, down domains, and
domain walls from these images as follows. First, we measure
the average absolute Kerr rotation of up and down domains.
Then, we count points above 75% of the average value as up
or down domains, and points below that value as domain walls.
Figure 7 shows the evolution of these fractions as a function
of temperature. As the sample is cooled down, the fraction of
up domains shrinks while that of down domains grows due
to the demagnetization effect. The fact that the temperature
variation of the domain fractions follows the same trend as the
evolution expected from the case with no pinning confirms that
the magnetic domain walls are indeed able to move between
120 and 140 K.

4. Conclusion

We find that the hysteresis between FCC and FCW mag-
netization in low fields is due to a domain-wall pinning
effect and attribute the magnetic anomaly T near 130 K
in the FCC magnetization curve in Co3Sn,S; to an anomal-
ous domain wall depinning effect upon cooling. We also find
that the nucleation field changes its sign around the anomaly

temperature T = 130 K, causing the shape of the hysteresis
loops to change from triangular-tailed rectangles into double-
triangles. The MOKE images also reveal a magnetic domain
walls depinning between 140 and 120 K upon cooling. Our
findings corroborate some other domain studies in this com-
pound [22, 31]. However, the origin the domain-wall depin-
ning still requires further investigation.
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