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Recent theoretical calculations have shown that Mn3Sn,, a well-known magnetocaloric material with multiple
magnetic transitions, possesses both nodal lines and nodal surfaces in its electronic structures, making it an
excellent platform for studying anomalous transport properties in magnetic topological candidates. In this work,
we performed comprehensive electrical, thermal, and thermoelectric measurements on Mn;Sn, single crystals.
The electrical resistivity p(7) shows an abnormal peak near the Curie temperature, T, ~ 227 K, and a negative
resistivity slope above T¢,, which are probably related to a large spin-fluctuation scattering. The Seebeck
coefficient S,,(7") shows a sign reversal below 80 K although the Hall coefficient is always positive, which might
be ascribed to the magnon-drag effect. Below Ty ~ 262 K, a significant anomalous Hall effect is observed, and
the anomalous Hall resistance (pfy) peaks at around 7 u€2 cm at 200 K. p;‘y exhibits a quadratic dependence on
the longitudinal resistivity p,., and the anomalous Hall conductivity afy remains nearly temperature independent
below 200 K, suggesting the dominance of the intrinsic Berry-phase mechanism. Correspondingly, we also
detect a large anomalous Nernst effect, with the anomalous Nernst coefficient reaching approximately 1 uV K™!
at 200 K. Despite Mn3;Sn;, exhibiting robust ferromagnetism, its anomalous Hall angle (2.5%), anomalous Nernst
angle (6.5%), and large anomalous Nernst coefficient (1.65 pV K~!T~!) surpass those observed in typical
ferromagnetic materials. Our results experimentally demonstrate the existence of topologically nontrivial states

in Mn;Sn,.

DOLI: 10.1103/PhysRevB.109.125112

I. INTRODUCTION

The ordinary Hall effect (OHE), referring to the transverse
electric field generated by a longitudinal charge current in
the presence of a magnetic field, is caused by the Lorentz
force exerted on charge carriers by the magnetic field. In
ferromagnetic solids, there is an additional component to this
effect, commonly known as the anomalous Hall effect (AHE),
typically believed to arise from a substantial magnetization.
Since its discovery more than a century ago [1], the AHE has
been extensively studied both theoretically and experimen-
tally, due to its fundamental physics and significant potential
applications [2]. Similarly, the generation of an additional
electric voltage orthogonal to the applied temperature gra-
dient due to the internal magnetization is referred to as the
anomalous Nernst effect (ANE), serving as the thermoelectric
counterpart of the AHE. In contrast to the Seebeck effect, the
ANE has been much less explored to date [3]. Due to the
transverse nature of the Nernst effect and its dependency on
the temperature gradient, rather than the temperature differ-
ence, the Nernst device exhibits superior conversion efficiency
compared to the Seebeck device, given an identical figure of
merit. Additionally, the Nernst voltage remains unaffected by
the Ettingshausen heat current, in contrast to the potential neg-
ative impact of the Peltier heat current on the Seebeck voltage.
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Consequently, a thermoelectric conversion module utilizing
the Nernst effect experiences greater design flexibility [4].

It is generally believed that the intrinsic origin of the AHE
and the ANE is closely related to the quantal Berry phase
of Bloch electrons [5], and can be significantly enhanced
when the Weyl points are tuned to be close enough to the
Fermi energy [2,4,6]. For instance, giant ANEs have been
observed in ferromagnetic Dirac and Weyl semimetals, such
as CosSn,S; [7] and Co,MnGa [8]. Specifically, a large AHE
and a spontaneous Hall effect have been detected in Mn3Sn,
a noncollinear antiferromagnet with a small magnetization
[9], and Pr,Ir, 07, a spin liquid compound without spin mag-
netization [10], respectively. The intrinsic part of the AHE
is determined by integrating the Berry curvature for all the
occupied bands, while the ANE is determined by the Berry
curvature of bands located at Ep, providing an effective probe
of the topological nature of materials [5,11].

Recently, we successfully grew the Mn3Sn;, single crystal
[12]. This compound is a promising magnetocaloric mate-
rial with great potential for applications in low temperature
refrigeration [12,13]. Mn3Sn; crystalizes in the Ni3Sn;-type
(Pnma) structure and undergoes two successive ferromagnetic
transitions at ~262 K and ~227 K, followed by an antiferro-
magnetic transition at ~192 K, as illustrated in Figs. 1(a) and
1(b). As reported in our previous work, significant anisotropy
of magnetic susceptibility and multiple field-induced metam-
agnetic transitions were found at low fields in Mn3Sn, single
crystals [12]. The maximum of magnetic entropy change
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FIG. 1. (a) Temperature-dependent magnetization of Mn;Sn, measured in the zero-field-cooling mode at poH = 0.01 T, with H parallel
to b and c¢ axis, respectively. The dotted lines indicate the positions of the magnetic phase transitions. The inset shows the optical image of a
single crystal sample with respect to the crystalline axes on a millimeter grid. (b) Magnetic field dependent magnetization measured with H
/I ¢ under various temperatures. (c) Temperature dependence of p,, without a magnetic field. The vertical lines show the positions of the two
ferromagnetic transitions. The right inset presents the results of fitting the low temperature resistance with equation p,,(7) = po + aT™. The
left inset shows the contact configuration for measuring the electrical transport properties. A small kink is observed at T¢; ~ 262 K where the
resistivity increases faster and the maximum appears at T, ~ 227 K, corresponding to the two ferromagnetic transitions while no anomaly
is visible at Ty. (d) The magnetic field dependent magnetoresistance measured under selected temperatures with H parallel to ¢ axis and the

current / parallel to b axis.

reaches approximately 4.01 J kg~! K~! under a magnetic field
change of 5 T, accompanied by a corresponding refrigerant
capacity of 1750 mJ cm~3. Remarkably, recent theoretical cal-
culations suggest that Mn3;Sn, might be a novel magnetic
topological material, characterized by the coexistence of es-
sential nodal lines and nodal surfaces [14]. Analogous to the
Weyl node, both nodal lines and nodal surfaces can generate
a finite Berry curvature, resulting in anomalous velocity and
giving rise to the AHE and ANE. Ternary Heusler compounds,
formulated as X,Y Z (where X and Y are transition metals and Z
is a main group element), have been extensively investigated
due to their nodal line band structure [15-17]. For example,
giant AHE and the largest ANE were observed in the famous
ferromagnetic Heusler compound Co,MnGa [8]. The largest
anomalous Hall angle was observed in the ferromagnetic
kagome-lattice nodal line semimetal Co3Sn,S, [18]. Both
large anomalous Hall angle and anomalous Nernst angle were
reported in nodal line semimetal Fe;GeTe, [19]. Although
the nodal surface has more advantages in contributing to the
effective energy integral paths and enhancing Berry curvature
[20], the formation of such a nontrivial nodal plane near the
Fermi level has rarely been studied to date.

In this study, we performed magnetoelectrical, thermal, and
thermoelectric measurements on Mn3;Sn; single crystals. Sig-
nificant anomalous Hall and Nernst responses were observed.
The anomalous Hall resistivity pfy reaches approximately 7
u2 cm at 200 K and exhibits quadratic scaling behavior with
respect to py,, which suggests that the primary contribution to
the observed AHE stems from the intrinsic Karplus and Lut-
tinger (KL) mechanism. A jump of ~1 uV K~! in the Nernst
effect around zero field at 200 K indicates the significant
role of occupied bands near Ep in the anomalous transport
properties. The corresponding remarkable anomalous Nernst
coefficient (~1.65 pVK~!'T™!) and a large anomalous
Nernst angle (~6.5%) are unexpected based on conventional
scaling law with magnetization. Our findings provide experi-
mental evidence for the existence of topologically nontrivial
states in Mn3Snj, aligning with the proposal [14].

II. EXPERIMENTAL METHODS

Single crystals of Mn3Sn, were grown from Bi flux as
previously reported by our group [12]. The determined lattice
parameters are a = 6.344 A, b = 3.450 A, and ¢ = 8.586 A,
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respectively. As shown in the inset of Fig. 1(a), the obtained
single crystals are of a strip shape of about 2 mm length, and
the relationship between single-crystal geometrical surfaces
and crystallographic axes is also depicted. The residual Bi
flux was etched away from the crystalline facets in diluted
HNO; before measuring. Thermal, electrical, and thermo-
electric transport measurements on Mn3Sn, single crystals
were performed on a Quantum Design physical property
measurement system (PPMS). Thermal conductivity, Seebeck
coefficient, and Nernst coefficient measurements were per-
formed using a steady-state thermal measurement method.
Two pairs of calibrated thin AuFe (7¢,-chromel thermocouple
were used to detect the thermal gradient across the samples.
A resistance chip served as a heater to generate a heat current.
Voltage values of thermocouple between the hot and cold ter-
minals, as well as Seebeck and Nernst signals, were detected
using Keithley 2182A nanovoltmeters. Magnetic properties
were characterized by a Quantum Design vibrating sample
magnetometer (VSM).

III. RESULTS AND DISCUSSION

A. Resistivity and magnetoresistance

To conduct the electrical and thermoelectric measure-
ments, the crystal was oriented and cut into a bar. Figure 1(c)
illustrates the temperature-dependent resistivity p,,(7) of
Mn;Sn; single crystal measured by the standard four-probe
method at zero field, with a current (/ = 1 mA) parallel to
the b axis and a magnetic field (H) parallel to the ¢ axis.
With the temperature decreasing, p,,(T") increases and forms
a maximum at T¢,. The more negative temperature coefficient
indicates the presence of a large spin-fluctuation scattering in
addition to the electron-phonon scattering in the paramagnetic
state. Below Tc2, 0. (T) exhibits metallic behavior with a
residual resistivity ratio [RRR = p,,(300K)/ . (2 K)] of ap-
proximately 3.8, comparable to that of Mn3Sn [21]. Under the
assumption of a spherical Fermi surface with one sheet (i.e.,
having only one band crossing the Fermi surface),

_ 37:h 0
P =202
ki
= —F, 2
n=33 (2

where kg is the Fermi wave vector, [ is the mean-free-path,
and h is the Planck constant. Then, combining the carrier
concentration derived from the Hall effect below, a resistiv-
ity of 284 uQ2cm at 200 K suggests a mean-free path as
short as 7.52 A, which is comparable to the lattice constants
(b =5.4946 /0\) of Mn3Sn,, and thus a resistivity saturation
would be expected [22]. As the temperature decreases down
to the Curie temperature T¢;, the spin-fluctuation scattering
increases while electron-phonon scattering saturates, leading
to a broad peak at Tc,. The blue line in Fig. 1(c) presents a
simulation of the zero-field resistivity ranging 2-200 K using
the Parallel-resistor model,

Lo 11
pu(T)  p(T)  psar’
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where po(T) represents the temperature-dependent contribu-
tion expressed by the Bloch-Gruneisen formula [23,24], and
psat 18 the temperature-independent saturation resistivity. In
Eq. (4), p(0) is the residual resistivity due to scattering, which
is essentially temperature independent. A is a constant with
varying values for different metals, ®g is a characteristic
temperature closely aligned with the Debye temperature ®p
obtained from specific heat measurements, and » is an inte-
ger dependent on the nature of the interaction. This fitting
yields p(0)=0.092 mQcm, pg = 0.55 mQcm, A =1.15
mQcm, n =24, and Or = 315 K. n = 2.4 instead of an
integer (2, 3, and 5) indicates that the resistivity behavior
of Mn3Sn, cannot be simply described by electron-electron
or electron-phonon scattering mechanisms. As shown in the
right inset of Fig. 1(c), a power law fit was also per-
formed for p.(7T) at low temperature using the equation
Px(T) = po + aT™. Here, m = 2.6 indicates a deviation from
Fermi liquid behavior in the ground state, likely resulting
from a combination of electron-electron and electron-magnon
interactions.

Figure 1(d) shows the field-dependent magnetoresistance
(MR = %gp(()) x 100%) at different temperatures with
woH (up to 9 T) parallel to the ¢ axis and I parallel to
the b axis. Negative MR, resulting from the suppression of
spin scattering, is observed at temperatures below Ty. The
change in MR slows down at the characteristic magnetic field
woHy, corresponding to the saturated magnetic field in the
magnetization curve, at which further increasing of the field
will have a much weaker influence on the alignment of spins.
In the temperature range 190-230 K, the MR is positive up
to the saturated field and becomes negative at higher fields.
The positive MR occurs because the low magnetic field is not
sufficient to shift the magnetic moment from the b axis to the ¢
axis, countering the effect of Lorentzian deflection. At higher
temperatures, the MR increases with the rising magnetic
field. The increasing speed slows down at Tc; < T < T
and gradually accelerates at 7 > Tc». The positive MR should
originate from the Lorenz force caused by a magnetic field
on the carrier motion, although it is also influenced by the
ferromagnetic order below T¢.

B. Hall effect

Additionally, we have performed Hall-effect measure-
ments on the single crystals of Mn3Sn, at various temper-
atures. To eliminate the longitudinal resistivity contribution
arising from voltage probe misalignment, we derived the Hall
resistivity p,, as the difference in transverse resistance mea-
sured at positive and negative fields, expressed as p(uoH) =
[o(+unoH) — p(—uoH)]/2. Figure 2(a) illustrates the mag-
netic field dependence of p,,(1oH ) at selected temperatures
from 2 to 300 K. Over the entire temperature range, p.y(oH )
exhibits a positive slope, indicating the dominance of hole-
type carriers in the transport process. In the low-field range,
Pxy strongly reflects M(poH)—a characteristic of the AHE
with a maximum at around 200 K. It decreases upon cooling,
although the saturation magnetization increases. A similar
trend was observed in the anomalous Nernst coefficient mea-
sured below. It is noteworthy that the saturated value of
Pxy(oH ) for the Mn3Sn, single crystal at 200 K is enormous
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FIG. 2. (a) Magnetic field dependence of the Hall resistivity measured at selected temperatures with H parallel to ¢ axis and the current /
parallel to b axis. The inset shows the temperature dependence of both ordinary and anomalous Hall coefficients. (b) Magnetic field dependence
of Hall conductivity o,,. The inset presents the extracted carrier density 7, and mobility u; using a one-band model. (c) Plot of M and —a)’:;.
Versus oy, here the temperature is an implicit parameter. The inset shows the plot of —pfy /M p., versus p,, with the blue line indicating a linear
fit to Eq. (7). (d) 6an Vs oy, plot for Mn3Sn, and other reported anomalous Hall materials. Except for Mn;Sn,, the data for other materials were

extracted from Refs. [18,29-34].

(~7 n€2 cm), surpassing those of typical itinerant ferromag-
nets like Fe, Co, and Ni [2,25-27]. It is comparable to Weyl
antiferromagnet Mn3Sn [9] and kagome ferromagnet Fe;Sn,
[28].

In ferromagnetic conductors, it is conventional to ex-
press px,(toH) in terms of contributions from the ordinary
Hall coefficient (Ro) and the anomalous one (Rs): oy, =
RoB + 4w RsM [2]. As shown in the inset of Fig. 2(a), Rs
is significantly larger than Rp and about two orders of mag-
nitude larger (~11.4uQcmT~! at 200 K) than those of
conventional itinerant ferromagnets at the same reduced tem-
perature (7 /1c) [25]. At higher fields, p,, exhibits nearly
linear behavior, which can be fitted by a simple one-band
model:

B
Pxy = RyB=—,
npe

&)

M = Rp0(0). (6)

The extracted carrier density (n;) and mobility (u;) are
1.8 x 102cm™3 and 4.3 cm?2V~!s7! at 2 K, as shown in
the inset of Fig. 2(b), which is similar to that of semimetal
Mn;Sn [9], corresponding to about 1.6 carriers per formula
unit of Mn3Sn,. An extreme value of n;, is observed around
80 K, and this anomaly as a function of temperature has been
seen only in the carrier density and should not be related to
magnetic transitions, which indicates a possible subtle change
in the band structure.

To distinguish the intrinsic and extrinsic contributions to
the AHE, we thus express it as

P, = a(M)pyx + b(M) ;.. @)

where the functions a(M) and b(M) generally depend on

the magnetization. The skew scattering contribution a(M) is

usually linear in magnetization. As depicted in the inset of
Fig. 2(c), a linear fit to the curve of —p;‘y /M pyx VS pxy yields
an intercept # =436 x 1073T~! and the slope % =
0.147 T~'mQ~! cm~!. The full AHE usually consists of three
components: intrinsic, skew scattering, and side-jump contri-
butions. However, it is experimentally difficult to distinguish
the extrinsic side-jump mechanism from the KL. mechanism
because they exhibit the same scalar relationship, p;‘y o p2.
From the theoretical viewpoint, the magnitude of o, in the in-
trinsic regime is approximately 10°~10°Q~" cm™~", while the
side jump contribution should be much smaller by a factor of
Eso/Erp ~ 1073-1072, where Esg is the spin-orbit interaction
energy and Ef is the Fermi energy [27,35]. As discussed later,
the value of the temperature independent o is closer to an
intrinsic contribution one, thus it is primarily attributed to the
KL mechanism. Consequently, the ratio of the intrinsic contri-
bution to the extrinsic one, i.e., b(M)py./a(M) ~ 10, suggests
the primary contribution to the observed AHE originates from
the intrinsic Berry-phase mechanism. We note that the first
principle calculation is needed to further clarify the precise
nature of the anomalous Hall effect in Mn3Sn,.
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Kk — k.. (b) Plot of Seebeck coefficient S,, versus T measured without an external field. The vertical dotted lines indicate the positions of
the two ferromagnetic phase transitions and the red arrow marks the zero point of S,,. (c) Magnetic field dependence of Nernst effect at
selected temperatures. The inset shows the temperature dependence of anomalous Nernst effect and the corresponding S,,. (d) The temperature
dependence of the anomalous Nernst coefficient. The inset shows the contact configuration for measuring the thermal transport properties, i.e.,
the temperature gradient AT is parallel to b axis and H is parallel to ¢ axis.

Figure 2(b) shows the magnetic field dependence of the
longitudinal conductivity oy, and Hall conductivity oy, cal-
culated by

Pxx
O = 55—, (8)
P+ 03y
_)Oxy
Oy = ——2 )
P+ 03y

The anomalous Hall conductivity ny obtained by extrap-
olating the slope of the high-field data to the zero-field value
remains almost constant and insensitive to oy, (or T) below
200 K, exhibiting a trend similar to M (o)ﬁ, o M) throughout
the experimental temperature range, as shown in Fig. 2(c).
This scaling relationship suggests once again that the intrin-
sic Berry-phase mechanism dominates the AHE in Mn3Sn;
[2,36]. Combined with Fig. 2(d), Mn3Sn; lies in the transi-
tion zone (0, ~ 10*Q~ ! cm™") between the dirty regime and
the intrinsic regime. the medium-sized anomalous Hall angle
BOapy = ag /o 2 0.025) at 200 K is close to that of Mn3Sn
[9] and larger than those of most common ferromagnetic met-
als and alloys such as the Heusler compound Co,TiSn [31].

C. Thermal and thermoelectric properties

Subsequently, we examined the thermal and thermoelectric
transport properties of Mn3Sn,. The temperature-dependent
thermal conduction « exhibits a characteristic broad peak

1251

around 7 = 50 K, as illustrated in Fig. 3(a), which results
from the competition between the umklapp phonon scattering
dominating at high temperature and the phonon scattering by
defects dominating at low temperature [37]. By subtracting
the electronic thermal conductivity «, (calculated based on
the Wiedemann-Franz law [38]) from «, we observe that the
combined contribution of phonons and magnons to the longi-
tudinal thermal transport is comparable to that of electrons.
The upturn in x — k, above 200 K is probably due to the
thermal radiation between the sample (and the assemblies)
and the surrounding environment.

In Fig. 3(b), we present Sy, as a function of temperature.
Similar to the resistance, both ferromagnetic transitions are
reflected. Normally hole-type carriers give positive S,, [39],
but in Mn3Sn, a sign change of S,, at T = 80 K can be
clearly seen, and the similar phenomenon was also observed
for Mn3Sn [21] and Fe3Sn; [40]. The sign change likely arises
from subtle changes in the band structure [41], leading to
anomalies in carrier concentration, as discussed before. As a
phenomenological explanation, we considered the contribu-
tion from hole diffusion (S4), magnon drag (Sy,), and phonon
drag (Sp), with the former dominating at high temperatures
and the latter two becoming significant at low temperatures.
For a single parabolic band system, the Sq can be defined
by the equation 72k3T /3eEr (kg is the Boltzmann constant)
[42]; additionally, S,, oc T3/? [42] and S,, & T* [43] when the
temperature is low enough. By linearly fitting the data above
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100 K, we obtain a slope of 0.12 uV K2, corresponding to
Er = 0.2 eV. For the low temperature region, by fitting the
data up to 60 K with the equation

S (T) = AT + BT** + CT?, (10)

we obtain coefficients A = 0.0204 uV K2, B=—-0.0237
WV K23, C =3.7 x 107 uV K~* with B > C. This implies
that magnon drag significantly contributes to S,, at low tem-
peratures, while phonon drag is negligible. Hence, magnetic
excitation at low temperatures may be responsible for alter-
ations in the bands near Ep, leading to subsequent changes in
carrier concentration and Seebeck coefficients.

The magnetic field dependent Seebeck (Nernst) coef-
ficients are determined through the symmetrization (anti-
symmetrization) of the thermoelectric voltages measured
separately in the presence of positive and negative fields. The
variation of Sy, (oH ) with magnetic field at each temperature
is small, as shown in Fig. S2 of the Supplemental Material
[44]. Below Ty, a rapid decrease is observed in |Sy,(uoH )| at
low field ranges, similar to the behavior of magnetoresistance
induced by magnetism.

As shown in Fig. 3(c), for all temperatures, the Nernst
signal exhibits a rapid increase at low magnetic fields, with
a subsequent additional increase attributed to the ordinary
Nernst signal contribution. Following a similar procedure
used for the Hall effect, we extracted the ordinary and anoma-
lous contributions to the Nernst thermopower. The Nernst
coefficient shows a jump of ~1 uV K~! around 200 K, and
the corresponding anomalous Nernst angle (B4 = Sfy /Sxx)
is approximately 6.5%. Both values are relatively large com-
pared to most materials exhibiting anomalous Nernst effects,
as shown in Fig. 4(a). It is noteworthy that S,, approaches
zero as T decreases to ~80 K, therefore 85N approaches
infinity, as depicted in the inset in Fig. 3(c). Analogous to
the AHE, the ANE of conventional ferromagnets is propor-
tional to the magnetization, that is, va = ny woM, where Ng,
is the anomalous Nernst coefficient. Illustrated in Fig. 3(d),

N}, of Mn3Sn; reaches 1.65 1V K~ T~', surpassing the val-
ues observed in conventional itinerant ferromagnets such as
Fe, Co, and Ni (~0.1 pV K-!'T-") [45] and exceeding the
range typical for ferromagnetic metals (usually smaller than
1 uVK~!' T~ [4]. In Fig. 4(b), the anomalous Nernst signal
of Mn3Sn; is juxtaposed with the values of various metals and
falls outside the shaded region of the linear scaling relation for
conventional ferromagnetic metals. The observation is con-
sistent with Mn3;Sn [46], Co3Sn,S, [47], and Co,MnGa [8],
indicating that the anomalous Nernst effect in Mn3;Sn, may
stem from topological nontrivial energy band structures.

IV. CONCLUSION

In conclusion, we have observed an abnormal tempera-
ture dependence resistance, and large AHE and ANE in the
ferromagnetic Mn3Sn, single crystals. The occurrence of re-
sistance maximum at Curie temperature Tc, and its negative
temperature dependence above Tr, are closely related to a
large spin-fluctuation scattering in the paramagnetic state. The
anomalous Hall signal reaches ~7 p€2 cm at 200 K and con-
forms to the scaling of 0;} o« M and pfv o p2, below 200 K.
The ANE up to ~1 uVK~! at 200 K and a corresponding
anomalous Nernst angle of ~6.5% are both observed. Despite
the large effective magnetic moment of Mn3Sn,, its anoma-
lous Nernst coefficient falls outside the shaded region of the
linear scaling relation typical for conventional ferromagnetic
metals. Our results suggest the existence of a sizable nonzero
Berry curvature near the Fermi level. Clearly, there is a need
for more theoretical calculations and experimental measure-
ments, such as angle-resolved photoemission spectroscopy, to
examine the topological nature of Mn3Sn;.
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