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Recently, orthorhombic CuMnAs has been proposed to be a magnetic material where topological fermions
exist around the Fermi level. Here we report the magnetic structure of the orthorhombic CuggosMnAs and
Cug9sMnggsAs single crystals. While CugosMnAs is a commensurate antiferromagnet below 360 K with
a propagation vector of k = 0, CugosMngosAs undergoes a second-order paramagnetic to incommensurate
antiferromagnetic phase transition at 320 K with k = (0.1,0,0), followed by a second-order incommensurate to
commensurate antiferromagnetic phase transition at 230 K. In the commensurate antiferromagnetic state, the
Mn spins order parallel to the crystallographic b axis but antiparallel to their nearest neighbors, with the spin
orientation along the b axis. This magnetic order breaks S,., the two-fold rotational symmetry around the ¢ axis,
resulting in finite band gaps at the crossing point and the disappearance of the massless topological fermions.
However, our first-principles calculations suggest that orthorhombic CuMnAs can still host spin-polarized surface
states and signature induced by nontrivial topology, which makes it a promising candidate for antiferromagnetic

spintronics.
DOI: 10.1103/PhysRevB.96.224405

I. INTRODUCTION

Recently, a lot of research interest has focused on the
physics of Dirac fermions in the bulk material systems. The
existence of these excitations in condensed-matter systems,
which resemble massless fermions from high-energy physics,
has been theoretically proposed and experimentally realized
in numerous nonmagnetic materials, including Cds;As; [1,2],
Na;Bi [3,4], etc. By breaking the inversion symmetry (P) or
the time-reversal symmetry (7)), a Dirac point can be split
into a pair of Weyl points. To break 7', we can either apply
an external magnetic field or use the spontaneous magnetic
moment inside the material. In the latter case, the correlation
between spontaneous magnetism and Weyl fermions has been
studied in the AMnPn, (A = rare earth or alkali earth and Pn =
Sb or Bi) system [5—12], the half-Heusler compound GdPtBi
[13,14], and suggested in CeSbTe [15].

Magnetic CuMnAs compounds are proposed to host non-
trivial topology [16,17]. CuMnAs has two polymorphs; the
tetragonal (TET) CuMnAs, which crystalizes in the space
group P4/nmm, and the orthorhombic (ORT) CuMnAs
crystalizing in the Pnma space group. The TET phase
consists of alternating layers of edge-sharing CuAss and
MnAs, tetrahedra. It has been proposed to be a candidate
with favorable applications in spintronics [18,19] and a
topological metal-insulator transition driven by the Néel
vector [17]. On the other hand, the ORT phase consists of
a 3D network of edge-sharing CuAs, and MnAs, tetrahedra
[Fig. 1(a)], where the Mn atoms form a 3D distorted hon-
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eycomb lattice [Fig. 1(b)]. ORT CuMnAs is proposed to be
an antiferromagnetic topological massless Dirac semimetal
even when the spin-orbit coupling (SOC) is fully considered
[16]. The first-principles calculation shows that based on the
theoretically proposed magnetic structure, although both the 7°
and P symmetries are broken, their combination P7 and the
nonsymmorphic screw symmetry S,,, which is the two-fold
rotational symmetry around the ¢ axis, are preserved. Based
on the above symmetry assumptions, a gapless Dirac point
is robust in the reciprocal space. Thus, the antiferromagnetic
(AFM) ORT CuMnAs provides an ideal system to study the
interplay between AFM and Dirac fermions [16].

In this paper, we focus on the ORT CuMnAs single crystals.
The synthesis, resistivity, and susceptibility of polycrystalline
ORT CuMnAs have been previously reported elsewhere [20].
However, the magnetic structure of ORT CuMnAs, which is
crucial in the symmetry analysis to investigate the topology of
the material, has not yet been experimentally determined. This
is partially due to the challenge in synthesizing high quality
samples. Indeed, several off-stoichiometric compounds, such
as ORT CuMn3;As, and Cu,MngAs; have been discovered
[21], suggesting that the site mixing of Cu and Mn is difficult
to control. Here we report the synthesis and characterization of
single crystals of Cu,Mn, As. We experimentally determine its
magnetic structure through neutron-diffraction experiments,
and find that it indeed breaks the 7 and P symmetries but keeps
their combination P7. However, since the experimentally
determined magnetic order breaks the S,, symmetry, massless
Dirac fermions are no longer robust. Our first-principles
calculations further show that this magnetic order will cause
ORT CuMnAs to host an interesting topological phase with
spin-polarized surface states, which could be promising for
spintronics applications.

©2017 American Physical Society
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FIG. 1. (a), (b) Crystal structure of ORT CuMnAs. (a) CuAs,
(orange) and MnAs, (blue) tetrahedral building blocks. (b)Distorted
Mn honeycomb lattice is indicated (Mn in blue). (c) Powder x-ray-
diffraction patterns of ORT (pulverized single crystals from batch A)
and TET (from powder synthesis) phases. Ticks indicate the Bragg
peak positions. Inset: A picture of an ORT single crystal against a
mm sized grid. This as-grown surface is the bc plane.

II. MATERIAL SYNTHESIS
AND EXPERIMENTAL METHODS

For the solid-state reaction, Cu, Mn, and As powders were
mixed thoroughly and pressed into a pellet. The pellet was
slowly heated to 600 °C and kept at that temperature overnight.
It was then heated to 1000 °C, where it dwelled for 20 h, and
finally quenched in water. Through powder x-ray-diffraction
measurements [Fig. 1(c)] we found that stoichiometric or
slightly less As leads to ORT CuMnAs phase, while 6% of
extra As results in the TET phase and a slight amount of MnAs.

CuMnAs single crystals were grown via the high-
temperature solution method with Bi as the flux [21,22]. Cu
shots, Mn granules, As and Bi chunks were mixed together and
placed inside a 5-ml alumina crucible. The alumina crucible
was then placed inside an evacuated quartz tube with 1/3 Atm
of Ar gas. The ampoule was subsequently heated to 1100 °C,
held for 3 h, cooled to 850 °C in 2 h and then cooled to 400 °C
at a rate of 3°C/h. We additionally allowed the crystals to
anneal at 400 °C for O or 24 h before the single crystals were
separated from the flux using a centrifuge.

Table I summarizes the starting growth concentrations we
have tried and the resultant phases of the single crystals. The
CuMnAs single crystals have a rectangular platelike growth
habit. The inset of Fig. 1(c) shows the picture of an ORT
CuMnAs single crystal against a mm scale. Typical thickness
of these single crystals is around 0.07 mm. The as-grown
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TABLE 1. The growth conditions and crystal structure of
Cu,Mn,As single crystals. For more details of dR/dT, please refer
to Figs. 2(a) and 2(b) and the Supplemental Material [31]. * means
although only one resistive anomaly was observed, the temperature
where it occurred is much lower than 360 K, the one for the
polycrystalline sample.

Annealing Kinks
Batch Cu: Mn: As: Bi time (h) Structure indR/dT
A 1:1:09:12 0 ORT 1
B 1:1:1:12 24 ORT 2
C 1:1:1.1:12 0 ORT 1*or2
D 09:1:1:12 0 ORT 1* or 2
E 1.1:1:1:12 0 ORT 1*

surface is the bc plane while the long axis of the plate is its b
axis.

Single-crystal x-ray-diffraction data were collected on a
Bruker Apex II X-ray diffractometer with Mo radiation k,
(A=0.71073 A). Intensities were extracted and corrected for
Lorentz and polarization effects with the SAINT program.
Numerical absorption corrections were accomplished with
XPREP which is based on face-indexed absorption [23]. The
twin unit cell was tested. With the SHELXTL package, the
crystal structures were solved using direct methods and refined
by full-matrix least-squares on F, [24].

Single-crystal neutron-diffraction measurements were car-
ried out on the HB-3A four-circle diffractometer at the High
Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory
(ORNL). The neutron wavelength was 1.546 A from a bent
Si-220 monochromator [25]. The magnetic symmetry analysis
was carried out on the Bilbao Crystallographic Server [26] and
the data were refined with FULLPROF Suite [27].

Electrical resistivity, Hall coefficient and heat capacity data
were collected using a Quantum Design Physical Property
Measurement System (QD PPMS Dynacool). The standard
four-probe configuration was used. The susceptibility was
measured with a QD Magnetic Properties Measurement
System (QD MPMS). Around five single crystals with similar
phase transitions were selected for both heat capacity and
susceptibility measurements.

The first-principles calculations were carried out by density
functional theory method with the projector augmented wave
method [28], as implemented in the Vienna ab initio simulation
package (VASP) [29]. The Perdew-Burke-Ernzerhof exchange-
correlation functional and the plane-wave basis with energy
cutoff of 300 eV were employed. The inner atomic positions
of the lattice were allowed to be fully relaxed until the residual
forces are less than 1x1073 eV//ck. The Monkhorst-Pack &
points were 9x 15x9, and SOC was included in self-consistent
electronic structure calculations. The maximally localized
Wannier functions were constructed to obtain the tight-binding
Hamiltonian [30], which is used to calculate the bulk Fermi
surface, surface electronic spectrum, and surface states.

III. EXPERIMENTAL RESULTS

The resistivities of the ORT single crystals we measured
are around tenths of m c¢cm and show metallic behavior.
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FIG. 2. PA: (a) Normalized resistivity p/p (400 K) and its
derivative dp/dT vs T. Inset: Hall resistivity p,, vs T. PB [(b)—(d)]
(b) Normalized resistivity p/p (400 K) and dp/dT vs T.
(c) Susceptibility M/H and d(M/H)/dT vs T. (d) Heat capacity
C, vs T. Inset: Cpr vs T2

We observed two types of temperature-dependent resistivity
behaviors from samples we measured from batch A to batch
E. One type is with only one resistive anomaly, the other type
shows two resistive anomalies. Figures 2(a) and 2(b) show the
normalized resistivity curves of each type, o(T)/0(400K) of
piece A (PA) from batch A and piece B (PB) from batch B.
More temperature-dependent resistance curves of each batch
can be found in the Supplemental Materials [31]. Figure 2(a)
shows only one resistivity drop in PA, suggesting the existence
of one phase transition. The derivative of the resistivity,
dp/dT, shows a sharp kink at 360 K. On the other hand,
PB shows two resistive anomalies, suggesting the occurrence
of two successive phase transitions. The dp/dT plot indicates
that one kink appears around 320 K and the other occurs around
230 K. Table I summarizes the number of resistivity anomalies
in the ORT phase from each growth trial. From the summary
and all temperature-dependent resistivity curves we measured
[31], we can see the quality of the single crystal is very sensitive
to the nominal concentration of Cu/Mn/As. Only when the
starting As concentration is a little less than the stoichiometric
concentration in the flux growth (batch A), the resulting single
crystals show only one resistive anomaly around 360 K,
consistent with the polycrystalline sample [20] and suggesting
the high quality of the sample. Even for batch E where only
one resistive anomaly exists, the anomaly occurs around 300 K,
which is 60 K lower than the one in the polycrystalline sample,
suggesting poorer sample quality than the ones in batch A.
The inset of Fig. 2(a) shows the field-dependent Hall
resistivity p,,(H) of PA at 2 and 100 K. p,, is positive,
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TABLE II. Single-crystal crystallographic data of PA and PB in
the ORT Pnma space group at 300 K.

CuMnAs PA PB

EW. (g/mol) 190.22 190.05
a(A) 6.5716(4) 6.5868(4)
b(A) 3.8605(2) 3.8542(3)
c(A) 7.3047(4) 7.3015(5)
\% (A3) 185.32(2) 185.36(6)
No. reflections; R;, 1624; 0.0210 2189; 0.0304
Ri; wR, 0.0172; 0.0342 0.0227; 0.0459

Goodness of fit 1.154 1.047

indicating that holes dominate the transport. It is linearly
proportional to H and shows almost no temperature de-
pendence, suggesting the validity of the single-band model
here. Based on n = B/ep,., the estimated carrier density is
~6.5% 10?° /cm?®. This value is significantly greater than Dirac
semimetals Cd3As, [32], NazBi [33], and Weyl semimetal
TaAs [34], but comparable to the Dirac nodal-line semimetal
candidates ZrSiSe [35] and CaAgAs [36].

The temperature-dependent susceptibility [M/H(T)] and
heat capacity [C,(T)] of PB are presented in Figs. 2(c)
and 2(d). Two slope changes can also be observed in the
M/H(T) data, which can be clearly seen in d(M/H)/dT.
From 300 to 400 K, the highest temperature we measured, the
M /H(T) data are almost temperature independent, showing
no Curie-Weiss behavior. The C,(T) data show only one
heat-capacity jump around 320 K without any anomaly at
230 K, suggesting that the phase transition at 230 K is
most likely a transition between two ordered phases. Since
both phase transitions are at high temperatures, we fitted the
C,/T data from 2 to 10 K using C, = yT +aT? + BT,
where the first term refers to the electronic heat capacity
and the rest to the low-temperature lattice heat capacity. We
deduced a Sommerfeld coefficient y = 1.88 mJ mol~' K2
which indicates a small density of states at the Fermi level
for the ORT CuMnAs.

To understand why the physical properties are so sensitive
to the growth condition, single-crystal x-ray- and neutron-
diffraction measurements were performed on PA and PB to
investigate their structural properties. No structural phase
transition is detected down to 100 K. To determine the
stoichiometry of the samples, five different structural models
were used in the refinement. Model I assumes vacancies
on both Cu and Mn sites. Model II assumes Mn on Cu
sites. Model III assumes Cu on Mn sites. Model IV assumes
Cu vacancy and Cu on Mn sites. Model V assumes Mn
vacancies and Mn on Cu sites. It turns out that Models I, II,
and III give the best refinements using single-crystal x-ray-
diffraction data. Combined with the SEM-EDX data, which
give CU()_93(3)MHO_98(4)AS1.02(4) for both PA and PB, we are
convinced that both site vacancies and site disorders exist.
Tables II and IIl summarize the refined crystal structure,
atomic positions, and site occupancies of PA and PB. The
major difference between them is the stoichiometry. PA has
fully occupied Mn sites with 5.0(2)% of Cu site vacancies,
leading to a chemical formula of Cug¢sMnAs, while PB has

224405-3



EVE EMMANOUILIDOU et al.

TABLE III. Atomic coordinates and equivalent isotropic dis-
placement parameters of PA and PB at 300 K. U is defined as

1/3 of the trace of the orthogonalized U;; tensor (Az),

Atom Site SOF X y Z U

PA: Cll()_gsMI’lAS

Cu 4c  0.950(2) 0.37684(6) 1/4 0.05894(5) 0.0120(1)

Mn 4c 1 0.46024(7) 1/4 0.67737(6) 0.0121(2)

As 4c 1 0.25394(4) 1/4 0.37525(4) 0.0080(1)
PB: CuO‘ggMHO.96AS

Cu 4c 0977(3) 0.3770(1) 174 0.0590(1) 0.0120(2)

Mn 4c  0.964(4) 0.4589(1) 1/4 0.6773(1) 0.0122(2)

As 4c 1 0.2544(1) 1/4 0.3754(1) 0.0079(1)

vacancies in both Cu and Mn sites with a chemical formula
of CugogMnggsAs. In the rest of the paper, we will denote
Cugp 9sMnAs as PA and CugogMng 9sAs as PB. The difference
in the physical properties between PA and PB most likely arises
from the stoichiometry of the Mn and Cu sites. It is worth
noting that due to the similar atomic number of Cu and Mn, it
is hard to get reliable information on the Cu/Mn site disorder
just by single-crystal x-ray-diffraction data. Therefore, the
single-crystal neutron-diffraction data were used to investigate
the extent of Cu/Mn site mixing here. Considering the number
of vacancies revealed by single-crystal x-ray diffraction, the
refinement of the neutron-diffraction data suggests 6% of site
disorder in PB and 5% of site disorder in PA.

To unravel the nature of these phase transitions, we
performed single-crystal neutron-diffraction experiments.
Figure 3(a) presents the rocking curve scan at (1,1,0) on PA.
The fact that the peak shows up at (1,1,0) at 150 K but not at
400 K indicates that long-range antiferromagnetic order exists
at 150 K. The temperature-dependent (1,1,0) peak intensity
agrees well with the dp/dT, shown in Fig. 3(b). It suggests
a second-order AFM phase transition and can be fitted using
the power law I(T)/Iy = (M(T)/Mol> = A+ (1 —T/Ty)*2,
where M, is the saturation moment. With Ty = 360 K, the
critical exponent is B = 0.35(3), which agrees with the ¢*
model in three dimensions [37] and suggests the breakdown
of the mean-field theory (8 = 0.5) and thus a strong spin
fluctuation near 7 . We refined the magnetic and nuclear struc-
ture of Cug9sMnAs together based on 76 effective magnetic
reflections. Pn’'ma is the only magnetic symmetry which can
fit the data. The R factor is 0.0508 and the goodness of fit
is 6.08. The refined propagation vector is k = 0, indicating
the commensurate antiferromagnetism (CAFM) here [38] and
the unit cell of the magnetic structure coincides with the
crystal structure. Figures 3(c) and 3(d) show the refined CAFM
structure. Mn spins sit on a distorted honeycomb sublattice and
order parallel to each other along the b axis [Fig. 3(c)] with
the nearest-neighboring spins antiferromagnetically aligned to
each other [Fig. 3(d)]. This magnetic structure is the same as
the one proposed theoretically in Ref. [16], but with the spin
orientation along the b axis. The refined magnetic moment at
150 K is 4.0(1) e g /Mn.

Figures 4(a) and 4(b) show the rocking curve scan at
(1,1,0) on PB. The (1,1,0) peak is not allowed by the crystal
structure symmetry in the ORT CuMnAs phase, and the
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FIG. 3. (a) The (1,1,0) intensity vs w for PA. (b) A comparison
between the (1,1,0) peak intensity and the dp/dT vs T. The red
line is the power-law fit; see text. (c) Magnetic structure of PA in
the CAFM state. Only the Mn sublattice is shown. (d) The view of
the magnetic structure from the b direction. Mn atoms are shown in
blue. “+” denotes spins pointing out of plane while “—” denotes spin
pointing in plane.

nonzero intensity we observed above 320 K is due to the
half-wavelength (1 /2) contamination of the neutron beam [25].
The wavelength of 1.546 A we used at HB3A is selected by the
Si-220 monochromator, which also picks the half-wavelength
neutrons that make up 1.4% of the main beam flux at HB3A.
In Fig. 4(a), magnetic satellite peaks begin to appear near
(1,1,0) as the sample is cooled below 320 K, suggesting in-
commensurate antiferromagnetism (ICAFM) [38]. Figure 4(c)
shows a cut in the hk0 plane at 227 K. We can clearly detect
the three peaks shown in Fig. 4(a). The concentration of
points at (0.9,1,0) and (1.1,1,0) indicates the presence of the
incommensurate magnetic peaks, suggesting an incommensu-
rate propagation vector k = (0.1,0,0). Upon further cooling
of the sample below 230 K, we observe that both (0.9,1,0)
and (1.1,1,0) peak intensities decrease while the (1,1,0) peak
intensity starts to increase, indicating a competition between
the CAFM with the propagation vector k = 0 and ICAFM.
Below 190 K, both (0.9,1,0) and (1.1,1,0) peaks diminish
whereas the (1,1,0) peak keeps increasing, suggesting the
disappearance of ICAFM. To better visualize the competition
and coexistence, Figure 4(d) shows the (0.9,1,0) and (1,1,0)
peak intensities and dp/dT as a function of temperature.
We can see that CugogMngosAs undergoes a second-order
paramagnetism (PM) to ICAFM phase transition at 320 K as
well as a second-order ICAFM to CAFM phase transition at
230 K. ICAFM competes and coexists with the CAFM phase
between 230 and 190 K and disappears below 190 K. Based on
102 effective magnetic peaks, the refined CAFM structure is
the same as the one in Cug9sMnAs [Figs. 3(c) and 3(d)] with
the refined magnetic moment at 6 K as 4.3(2)tp/Mn and a
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FIG. 4. (a), (b) Intensity vs w for PB. The black arrows indicate
the trend of the peak intensity with decreasing temperature. (c) A cut
of the neutron scattering in the #k0 plane. (d) A comparison between
the (0.9,1,0) peak intensity and dp/dT vs T. The light blue box
marks the temperature region where CAFM and ICAFM compete
and coexist.

R factor of 0.0555. The moment is smaller than Sz /Mn, the
theoretical saturation moment for Mn>™.

IV. DISCUSSION

Based on the magnetic structure and easy axis determined
experimentally, in order to explore the electronic and topologi-
cal properties of ORT CuMnAs with the magnetic orientations
along b axis, we recalculate its bulk band structures and the
corresponding (010) surface states. Although no chemical
disorder or vacancies are considered in the DFT calculation,
since the material still holds the translational symmetry and
maintains the ORT structures, the electronic structure and
surface states shown in Fig. 5 should capture the main
character. Due to the presence of the P7 symmetry in
the experimental CAFM phase, every bulk state is doubly
degenerate. Furthermore, the band inversion still exists in this
system, thus the nontrivial topological properties can appear.
Because the CAFM order breaks the nonsymmorphic gliding
symmetry R, and screw symmetry S., in contrast to the case
with spin orientation along the ¢ axis [16], now the gapless
coupled Weyl fermions disappear and the Dirac nodal line is
fully gapped everywhere by SOC in the bulk Brillouin zone
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FIG. 5. (a) Calculated band structures of the ORT CuMnAs
with SOC and the magnetic structure shown in Fig. 3(c). Inset
is the Brillouin zone and its projection to the (010) surface. A
is the band gap of massive topological fermion along I'X line.
(b) Zoom-in view of the band structure marked by yellow box in (a).
(c) Fermi-surface contour on the (010) surface at the calculated Fermi
level. Corresponding electronic spectra along (d) k;, = 7/a and (e)

k. = 0. Fermi level is set to zero.

(BZ), as shown in Fig. 5(a). The gap size however is quite
small. For example, the band gap induced by SOC along the
I'X line is just 7 meV, as indicated in Fig. 5(b). Figure 5(c)
shows the spin-polarized surface states emerging from the
gapped bulk states [see Figs. 5(d) and 5(e)] on the (010) side
surface. Due to the absence of rotational symmetries on the
(010) surface, the Fermi-surface contour at the Fermi level is
asymmetric, and the spin-polarized surface states are gapped.
This distinguishing character is different from surface states
in topological insulators and Dirac semimetals. On the other
hand, because the bulk Dirac fermions in this case are massive
and the time-reversal symmetry is broken, the fluctuations
could resemble the dynamical axion field, which gives rise
to exotic modulation of the electromagnetic field showing a
similar signature to axion insulators [39].

V. CONCLUSION

In conclusion, the Dirac antiferromagnetic semimetal can-
didates, ORT Cug 9sMnAs and Cug 9gMng g6 As single crystals,
show no structural phase transitions down to 100 K. The
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magnetism is very sensitive to the stoichiometry of the
Cu and Mn sites. CupgsMnAs has a PM to CAFM phase
transition at 360 K while an intermediate ICAFM state between
PM and CAFM states appears in CugogMnggsAs. In both
CAFM states, spins order parallel to one another along the
b axis, but antiparallel to their Mn nearest neighbors with
the moment around 4.3 p/Mn. The spin orientations are
along the b axis, which break both S, and R, symmetries
in the CAFM state and gap the coupled Weyl nodes and Dirac
nodal line, resulting in a similar electromagnetic response to
that of axion insulators. Furthermore, the presence of spin-
polarized surface states on this AFM semimetal makes ORT
CuMnAs a good candidate for the antiferromagnetic spintronic
applications.

Note added. Recently, we became aware of a subsequent
work on orthorombic CuMnAs [40]. Here, orthorombic
CuMnAs single crystals with only one phase transition at
310 K were made. Anisotropic susceptibility was studied and
led to the conclusion that the easy axis is in the bc plane;

PHYSICAL REVIEW B 96, 224405 (2017)

heat-capacity and magnetotransport measurements were done
and led to the conclusion of massive Dirac fermions. Since the
magnetic structure determined in our work has an easy axis
along the b axis, this naturally explained their results.
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