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Thermal transport, magnetism, and quantum oscillations in Weyl semimetal BaMnSb,
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Topological semimetals host unique electronic phases with either Dirac or Weyl characteristic. One way to
obtain the Weyl phase is to break the time-reversal symmetry by establishing magnetic ordering. We have
investigated the electrical and magnetic properties of a magnetic Weyl semimetal candidate BaMnSb, under
the application of magnetic field (H) up to 35 T. We find that BaMnSb, undergoes three magnetic phase
transitions with a ferromagnetic transition at 7= ~ 690 K and two antiferromagnetic transitions at Ty; ~ 286 K
and Tx, ~ 450 K. At low temperatures, both the Shubnikov-de Haas and de Haas-van Alphen oscillations are
observed by applying H along the ¢ axis of BaMnSb,. Data analysis indicates that the oscillations result from
a single band, and the system can reach the first Landau level at high H. Evidence for Zeeman splitting is also
observed at low Landau levels, which yields the Landé factor g ~ 8.9 — 10.4. In addition, thermal property
measurements reveal very low phonon thermal conductivity and moderate thermopower. The coupling between

charge, spin and lattice is discussed.
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I. INTRODUCTION

Topological semimetals, including Dirac and Weyl types,
have attracted great attention due to their exotic quantum
properties. With linear energy dispersion in the momentum
space, Dirac and Weyl semimetals host relativistic quasipar-
ticles, which are described by Dirac and Weyl equations,
respectively [1,2]. When the time-reversal symmetry or in-
version symmetry is broken, Dirac semimetals evolve into
Weyl semimetals [3]. As any magnetic ordering would break
the time-reversal symmetry, magnetic compounds with Dirac-
type band crossing are promising candidates for hosting Weyl
fermions. Under such guidance, there has been enormous
interest in the so-called 112-type Mn-based compounds with
the general formula AMnPn,, where A = Ca, Sr, Ba, Eu, Yb,
and Pn = Sb, Bi [4-12]. In addition to magnetic ordering
typically around room temperature, the Shubnikov-de Hass
(SdH) and de Haas-van Alphen (dHvA) oscillations derive
the nearly zero effective mass, high mobility, and nontrivial
Berry phase, which are the characteristics of Dirac and Weyl
fermions [4,5,7,9,13].

However, magnetism is necessary but often insufficient
to realize the Weyl state. There is an accumulated exper-
imental evidence for the inquiry of specific spin structure
[9,13,14]. For example, quantum oscillations are absent in the
collinearly ordered antiferromagnetic (AFM) state but emerge
in the Eu canted AFM state in EuMnBi, [15]. Similarly,
BaMnSb, possesses the canted AFM structure below ~286 K
with a ferromagnetic (FM) component in the ab plane [14].
The SdH oscillations are observed in the in-plane (o), out-
of-plane (p.), and Hall (po,,) resistivities [14,16]. By applying
magnetic field along the ¢ axis, data analysis reveals nearly
zero effective mass (m*), high mobility (ny) and nontrivial
Berry phase (¢p) [14,16]. Under 14 T, electrons can be pushed
down to the second Landau level (n = 2) [14,16]. In this work,
we present the magnetization, magnetic torque, magnetoresis-
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tance, and Hall resistivity measurements of BaMnSb, under
much wider temperature and magnetic field range. Several
new features are observed. First, in addition to the known
AFM transition at Ty; ~ 286 K, there are two other magnetic
transitions with another AFM transition at Ty, ~ 450K and
a FM transition at 7c ~ 690 K. Second, the magnetic torque
oscillation occurs only when H || ¢, and its angle dependence
indicates that the spin canting angle below Ty; is ~50° with
respect to the ¢ axis. Third, high magnetic field allows the
system to reach the first Landau level, at which there is
evidence for the Zeeman splitting. In addition, the system
exhibits low phonon thermal conductivity but moderate ther-
mopower, important for understanding the underlying physics
of BaMnSb,.

II. EXPERIMENTAL DETIALS

Stoichiometric BaMnSb, Single crystals were grown
through the floating zone technique with details described
in Ref. [14]. The structure of our samples was analyzed by
employing both powder and single crystal x-ray diffraction,
revealing the tetragonal structure with the I14/mmm symmetry.
The lattice parameters are a = b = 4.556 A and ¢ = 24.299 A
at room temperature. Below 400 K, the field and temper-
ature dependence of the magnetization measurements were
carried out in a Quantum Design 7-T Magnetic Property
Measurement System (MPMS). High-temperature (300K <
T < 1000K) magnetization measurements were performed
by a vibrating sample magnetometer (VSM) in Physical Prop-
erty Measurement System (PPMS) by Quantum Design. Both
the thermal conductivity and thermopower were measured in
PPMS as well. The magnetic torque (t) was measured using
a piezoresistive torque magnetometer at National High Mag-
netic Field Lab (NHMFL) Tallahassee. A crystal was installed
on a rotating platform allowing to continuously vary the angle
between the magnetic field and the ¢ axis of the crystal.
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FIG. 1. (a) Temperature dependence of the magnetic suscepti-
bility x.,(H || ab). (Inset) Temperature derivative of y,,(T) as a
function of temperature between 300 and 600 K with the indication
of Tx». (b) Temperature dependence of the magnetic susceptibility
Xe (H || ¢). (Inset) x.(T") between 300 and 600 K with the indication
of Tyz. (c¢) Temperature dependence of the in-plane thermal conduc-
tivity k4, (red), the electron contribution (black), and the phonon
contribution (blue). (d) Temperature dependence of the thermopower
(black) and in-plane resistivity p,;, (red).

The magnetotransport measurements, including p,,(H) and
Pxy(H), were also carried out at NHMFL using the standard
four-probe technique by sweeping the field between —35 to
+35T.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the temperature dependence of
the magnetic susceptibility of BaMnSb, for H || ab (x.») and
H || ¢ (x.), respectively. In addition to the canted AMF tran-
sition at Ty; ~ 286 K, as reported previously [14], there are
two other magnetic transitions. One occurs at Tx, ~ 450K,
below which x.(T) decreases with decreasing temperature
[see the inset of Fig. 1(b)]. Although the change in x,,(T)
is less obvious, the response can be seen in d x,/dT, which
starts to increase in magnitude with decreasing temperature
below Ty, [see the inset of Fig. 1(a)]. Another transition
occurs at Tc ~ 690K, below which both x.,(T) and x.(T)
increase with decreasing temperature. We thus consider the
ferromagnetic transition at 7¢.

While it is magnetically ordered, the electrical resistiv-
ity shows no obvious anomaly at Ty; at zero filed [14],
suggesting little spin-charge scattering in BaMnSb,. This
is also reflected in thermal transport properties. Figs. 1(c)
and 1(d) show the temperature dependence of the in-plane
thermal conductivity (k,), thermopower (S,;), respectively.
Note that there is no obvious anomaly in either «,,(7") and
Su(T) at Tyy. Overall, «,,(T) exhibits a typical tempera-
ture dependence for a crystalline material, that initially in-
creases then decreases with decreasing temperature. Quanti-
tatively, k5 is small compared to other solids. Since there

is no obvious contribution from spins, we consider that
Kab ™ Kelectron T Kphonon- Using the Wiedemann-Franz law, we
can estimate the electronic thermal conductivity Kejectron =
LoT/ Py, Where Lo = 2.44 x 1078 W QK2 and pg, is the
in-plane electrical resistivity [see Fig. 1(d)]. As shown in
Fig. 1(c), Kelectron 18 much smaller than the total k., suggest-
ing phonon dominant thermal transport, i.e., Kphonon = Kab —
Kelectron- As shown in Fig. 1(c), Kphonon ~ LOWK ' m™! at
T =300K. Such small phonon thermal conductivity was
also obtained in Ca;¢Pt4Asg(Fe,As;),, which forms a natural
superlattice structure and contains plane and point defects
[17]. Although the structure of BaMnSb, is less complex
than Ca;oPt;Asg(FeyAs;),, its layered structure and possible
defects as seen in its sister compound SrMnSb, [10] could
be the origin for the small phonon thermal conductivity. Such
property is extremely desirable for possible thermoelectric
applications. However, the thermopower is moderate at room
temperature as shown in Fig. 1(d). The positive S, is con-
sistent with the Hall effect data [14], confirming hole-type
conduction. Given the temperature dependence of both «,,(T)
and S,,(T) up to room temperature, it is possible that S,;(7T")
will continuously increase and «,,(7) will further decease
with increasing temperature, so to obtain high figure of merit
at high temperatures.

When one investigates the high-temperature physical prop-
erties of BaMnSb,, special attention should be paid to possible
chemical changes. According to the recent experimental work
on SrMnSb,, there is evidence for the formation of SrO and
MnSb at the surface [10]. The ferromagnetic (FM) transition
at 580 K observed in StMnSb; is thus attributed to MnSb [10].
If similar chemical transformation occurred in BaMnSb,, one
would expect the same 7¢ value as seen in StMnSb, [10] and
MnSb [18]. As shown in Figs. 1(a) and 1(b), the T¢ value
we obtained for BaMnSb, is much higher than the Curie
temperature (~585K) of MnSb [18]. This suggests that the
FM behavior in BaMnSb, has different origin. According
to earlier study, the FM saturation moment decreases with
increasing Mn deficiency in Sr;_,Mn;_.Sb, [13]. At present,
it is unclear whether the chemical nonstoichiometry causes
different magnetic behavior besides possible MnSb formation
at high temperatures. Despite different magnetic behavior at
high temperatures, many 112-type compounds AMnPn, (A =
Ca, Sr, Ba, Eu, Yb, and Pn = Sb, Bi) exhibit canted AFM
ordering at low temperatures [5,7,9,11,13,15,19], which is
essential for nontrivial topological properties [14,15].

To further understand the nature of the magnetic properties
of BaMnSb, at low temperatures, we have measured the
field dependence of the magnetic torque 7(H) at 2 K, with
the magnetic field applied in various directions. Figures 2(a)
and 2(b) display the magnetic field dependence of 7(H)
with field direction at ~0° < 6 < 30° and 40° < 6 < 90°,
respectively. Here, 6 represents the angle between H and the
c axis [see the inset of Fig. 2(a)]. Note that (1) t(H) is small
and negative with oscillations for & ~ 0°, (2) T(H) increases
with increasing H for each 6 greater than 0°, and (3) t(H)
varies nonmonotonically with 6 at each field. To reveal the
feature more clearly, we present the angle dependence of
T(H, 0) at H =5, 15, 25, and 35 T in Fig. 2(c). Note that
the maximum torque occurs around 40° in low magnetic field
and tends to saturate at 35 T below 40°. This implies that
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FIG. 2. [(a) and (b)] Magnetic field dependence of the torque 7 at 2 K at ~0° < 6 < 30° (a) and 40° < 6 < 90° (b). (c) Angular dependence
of T at 2 K under H = 5, 15, 25, and 35 T. (d) Field dependence of At at ~0°. (e) At vs H~! at ~0°. (f) FFT of the oscillatory At at ~0°.

the canted spin angle is ~50° from the ¢ axis, given that

T=MxH.

We now focus on the 6 ~ (0° case with the negative
torque. This implies that the actual 6 < 0°, equivalent to the
application of a negative magnetic field. What is remarkable
is the oscillation of t(H) under high magnetic field, which
vanishes when magnetic field direction is slightly away from
the ¢ axis. This is due to the decrease of the oscillation
amplitude and the increase of contribution from the magnetic
moments. The oscillatory component of the torque obtained
by subtracting the background is shown in Figs. 2(d) and 2(e),
where the integer n represents the Landau level (LL). The LL
assignment is based on our previous study withn =2 at H ~
12.5T [14]. The application of high magnetic field allows to
reach the first LL as indicated. The fast Fourier transformation
(FFT) yields a single frequency F; ~ 28 T, which is slightly
higher than the frequency obtained from Shubnikov-de
Haas (SdH) oscillations (see below). According to the
Onsager relation F o< Ag, higher F; would correspond to a
larger Fermi surface cross-sectional area (Ap) normal to the
magnetic field. Slight nonstoichiometry in the sample for the
torque measurement could have shifted the Fermi level down,
resulting in larger Ar. On the other hand, the FFT covers less
than two periodicities, which can result in large error in F; due
to error introduced in the background subtraction. As shown
in Fig. 2(a), t(H, 6 > 0°) exhibits metamagnetic-like field
dependence. It is impossible to incorporate such feature in our
background subtraction in t(H, 8 ~ 0°), thus affecting F;.

While the system is pushed down to the first LL, there is
no sign for any additional feature in At [see Figs. 2(d) and
2(e)]. We further carried out magnetotransport measurements
up to 35 T. Figure 3(a) shows the magnetic field dependence
of p.,(H) between 1.3 and 50 K with H || ¢. Similar to our
previous observation below 14 T [14], p,»(H) exhibits the

SdH oscillations, which become even more profound under
higher field. To help understand the high-field effect, we
isolate the oscillatory component (Ap,;) by subtracting the
background, which is plotted as a function of H~! in Fig. 3(b).
While it oscillates with H~! as expected down to the second
LL (n = 2), the peak corresponding to n = 1 splits into two
shoulders (indicated by up and down arrows), which become
more profound with decreasing temperature. To figure out the
high-field behavior, we fit Ap,, using the Lifshitz-Kosevich
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FIG. 3. (a) p.»(H) at indicated temperatures. (b) Ap,;, as a func-
tion of H~! at indicated temperatures. The red dashed line represents
the LK formula at 1.3 K. Arrows indicate spin-up and spin-down
shoulders. (c¢) FFT of Ap,, at indicated temperatures. (d) Landau
level fan diagram obtained from A py.
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FIG. 4. (a) Magnetic field dependence of the oscillatory Hall
resistivity A p,, at indicated temperatures. The dashed line represents
the LK formula at 1.3 K. (b) Magnetic field dependence of the
oscillatory Hall conductivity Ao, at indicated temperatures. The
dashed line represents the LK formula at 1.3 K. Arrows indicate spin-
up and spin-down valleys. (c) FFT of oscillatory Ap,, at indicated
temperatures. (d) Temperature dependence of the oscillation ampli-
tude of Apg (black squares) and Ap,, (red triangles) normalized
with respect to the amplitude at 1.3 K). (Inset) Normalized FFT
amplitude as a function of T for Ap,, (black squares) and A p,, (red
triangles).

(LK) formula [20]

x T “beog| 2 F_l +6 (D
——e A .
P X inh(AT) H 2

Here, A = (2n2kgm*)/(hieH), m* is the effective mass
of electrons, § is the phase factor, and Tp is the Dingle
temperature. The dashed line in Fig. 3(b) represents the LK
fitting to the oscillation without considering the LL splitting.
Note that the two shoulders are located on each side of the
LK peak for n = 1. This suggests that the peak splitting is
caused by Zeeman energy (Ae ~ gugH, with g being the
Landé factor), which is strong enough under high magnetic
field to overcome the thermal broadening of the first LL at
low temperatures. Such splitting would result in a peak in the
fast Fourier transformation (FFT), corresponding to 2F,. As
shown in Fig. 3(c), the 2F, peaks emerge below 15 K. From
Apgp, We obtain a single frequency F, ~ 21.4T. To confirm
the value of F},, we further construct the Landau fan diagram
in Fig. 3(d) using data above the first LL. Fitting data with
the Lifshitz-Onsager relation n = F/H — % + 5, we obtain
—% + 6 = 0.007 and F,, ~ 21.2'T. The frequency agrees very
well with that from FFT.

At the first LL, the shoulders caused by Zeeman splitting
occur at Hy ~ 20T (spin up) and H_ ~ 25T (spin down). To
confirm this feature, we further analyze the Hall resistivity
Pxy(H). Figure 4(a) shows the magnetic field dependence of
the oscillatory Apy,(H) (after subtracting the background) at
temperatures between 1.3 and 75 K. Deviation from normal
oscillation is noticeable above 14 T. Since p,y, < pqp, the Hall

resistivity is converted to the Hall conductivity via oy, (H) =
Pay/ (P2, + 03,)- Figure 4(b) displays the oscillatory Aoy,
(after subtracting the background) plotted as a function of H.
Similar to what is seen in A pgp, Aoy, clearly shows splitting at
n =1 (at the valley) located at H;. ~ 20T (spin up) and H_ ~
25T (spin down). Applying FFT analyses to Apy,, there
is only one peak corresponding to frequency Fy,y ~ 23.4 T,
slightly higher than that obtained from Ap,,. The weaker
peak corresponds to 2Fy,; due to Zeeman splitting. It should
be pointed out that smooth background curves were used
for obtaining Ap,, and Apy,. The actual background may
not be as smooth as we used, because of possible response
to the metamagnetic-like transition between 10-25 T [see
Fig. 2(a)]. If this is indeed the case, it will introduce error
in the oscillatory amplitude in this field region, but not the
periodicity and Zeeman splitting peaks.

The observation of Zeeman splitting implies that the
Zeeman energy is greater than the Landau level breadth.
The g factor can be estimated via % = H% — 2 [21]. The
effective mass can be estimated by analyzing the temperature
dependence of the FFT amplitude using Eq. (1). The solid
curves in Fig. 4(d) are the fitting results, with fitting parameter
m* ~ 0.042mq (from FFT of Ap,;) and 0.049m (from FFT
of Apyy). Thus we obtain g ~ 8.9 from m* ~ 0.049m, and
~10.4 for m* ~ 0.042my. While it is greater than the free
electron case with g = 2, the g factor for BaMnSb, is small
compared to Dirac semimetals such as ZrTes (g ~ 15) [22],
Z1SiS (g ~ 38) [23], and Cd3As; (g ~ 22) [24]. The moderate
g factor suggests moderate electron-electron interaction in the
first LL of BaMnSb,.

IV. CONCLUSION

We have investigated the thermal, magnetic, and magneto-
transport properties of BaMnSb, in a wide temperature and
magnetic field range. Several new features are observed. First,
BaMnSb, exhibits the very low phonon thermal conductivity
at room temperature, likely due to its layered structure. Sec-
ond, BaMnSb, has complex magnetic structures with three
magnetic phases: in addition to known canted antiferromag-
netic state below Ty; ~ 286 K, there are two other transitions
with an antiferromagnetic ordering at Tnp ~ 450K and a
ferromagnetic ordering at Tc ~ 690K. At 2 K, the angle
dependence of the magnetic torque in fields between O and
35 T reveals that the spin canting angle is about 50° from
the ¢ axis. Furthermore, the field dependence of the magnetic
torque t(H) and magnetoresistance reveals the dHVA and
SdH oscillations with H || ¢. The dHvA oscillation can no
longer be seen when H is slightly away from the ¢ axis,
likely due to the large background. Magnetic field up to
35 T pushes electrons beyond the first LL, where Zeeman
splitting is observed. The analyses of Zeeman splitting reveal
the Landé g factor 8.9-10.4.
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