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Single crystals of LaMny g¢Sb, were synthesized via the flux method. Band structure calculation indicates the
existence of Dirac dispersion below the Fermi level as expected for the square-net-based materials. Magneti-
zation in combination with neutron diffraction measurements suggests that the magnetic structure below Ty =
146 K can be described by a G-type antiferromagnetic structure with a weak spin canting. A spin-flop transition
was observed when external magnetic fields were applied parallel to the ¢ axis. Negative magnetoresistance
is observed at low temperatures, likely originating from the spin alignment effect. Our results indicate that
LaMn,_,Sb, has Dirac dispersion and a vacancy tunable magnetism, which could be a potential platform for
studying the interplay of magnetism, charge transport, and possible topological band.

DOI: 10.1103/PhysRevB.107.115150

I. INTRODUCTION

The layered manganese pnictides AMnPn, (A = Ca, Sr,
Ba, Eu or Yb; Pn = Sb or Bi) family has attracted consid-
erable attention in the field of the topological semimetal [1].
AMnPn, compounds feature a common layered structure with
alternatively stacking of layers of A, MnPn, and Pn along
the out-of-plane direction. The key structural ingredient of
the AMnPn;, compounds is the Pn zigzag/square net, which
has been theoretically and experimentally proved to host the
Dirac dispersion [1-3]. A layer and the anti-PbO-type MnPn
layer mainly serve as buffer layers. Interestingly, the Dirac
band is sensitive to the detailed chemical environment of
the Pn square net, i.e., the geometry of the A atoms with
respect to Pn net [2], and the magnetism of A and MnPn
layers [4-7]. Due to the structural diversity, various intrigu-
ing quantum transport phenomena have been discovered in
AMnPn, family. Prime examples are quantum Hall effect
in EuMnBi, and BaMnSb, [4,8], time-reversal-symmetry
breaking Weyl fermion in StMnSb, and YbMnBi, [6,7], and
giant anisotropic magnetoresistance (AMR) in EuMnSb, [9].
Therefore, AMnPn, is a fertile playground for the exploration
of topological materials.

Most studies hitherto focused on divalent alkaline/rare
earth elements A>* based 112 A>*MnPn, materials, mainly
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due to the availability of high-quality single crystals [1]. We
note that the trivalent rare earth elements RE>*-based 112
materials, LaMn;_,Sb,, share the same structure with that
of A>*MnPn; [10,11]. Thus, similar physical properties are
expected in LaMn;_,Sb,. Although the magnetic properties of
LaMn;_,Sb, polycrystals synthesized by arc melting were re-
ported [10], the magnetotransport properties of LaMn;_,Sb,
remain largely unexplored due to the absence of single
crystals.

In this article, we successfully prepared high-quality
LaMn g¢Sb, single crystals using the Sn-flux method. The
crystal structure and physical properties of the LaMng gSbs
single crystals were characterized via x-ray powder diffraction
(XRPD), first-principles calculation, magnetization, specific
heat, and magnetotransport measurements. The refinement
of XRPD pattern reveals the existence of Mn vacancies
in LaMnggsSb, single crystals. A Dirac-like dispersion at
0.63 eV below Fermi energy is identified by the first-
principles calculation. Magnetization of LaMng gsSb, can be
explained in the context of a canted AFM magnetic structure
with the easy axis along the ¢ axis. A spin-flop transition oc-
curs at 2-4 T when the magnetic field is applied along c axis.
The magnetic structure is inferred from the neutron powder
diffraction (NPD) measurements performed on LaMng75Sb,
which was grown by the Sb-flux method. LaMng73Sb, or-
ders into a G-type AFM structure (a collinear AFM structure
in which nearest-neighbor Mn moments in the tetragonal
basal plane are antiparallel and successive planes along the
¢ axis are also antiferromagnetically aligned) with an or-
dered moment of 3.28(4) wug/Mn at 3.5 K aligned along
the ¢ axis. Therefore, LaMn gsSb, is expected to share a
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similar magnetic structure with LaMng 73Sby, i.e., canted G-
type AFM. Negative magnetoresistance (MR) is observed in
LaMn g¢Sb,. The correlation between the magnetization and
negative MR indicates that the negative MR is induced by the
alignment of spins under the magnetic field, which suppresses
the spin disorder and spin-dependent carrier scattering.

II. EXPERIMENTAL DETAILS

Single crystals of LaMn gsSb, were grown using the Sn-
flux method. La chunks, Mn slices, Sb lumps, and Sn grains
were used as starting materials. The starting materials were
mixed according to a molar ratio of La:Mn:Sb:Sn = 1:3:6:6.
The mixture was subsequently loaded into an alumina crucible
and then sealed in an evacuated quartz tube. The sealed quartz
tube was heated to 850 °C in 10 h and dwelt for 30 h, and
then gradually cooled to 550 °C at a rate of 3 °C/h, where the
excess flux was decanted using a centrifuge. Shiny rectangular
single crystals with typical dimensions of 3 x 2 x 0.2 mm?
were obtained. As shown in the Supplemental Material [12],
LaMn,;_,Sb, single crystals with different x can be success-
fully grown out by varying the Mn content in the ratio of the
starting materials. In order to prepare the large amounts of
single crystals required for neutron measurements, we also
prepared single crystals by the Sb-flux method, where shiny
centimeter-sized single crystals can be obtained. The starting
materials were mixed in a molar ratio of La:Mn:Sb = 1:3:6,
and the single crystal growth process is similar to the Sn-
flux method, only the decanting temperature was changed to
680 °C. Neutron diffraction measurements were performed on
Sb-flux-grown single crystals and the rest of the experiments
were performed on Sn-flux-grown samples.

The crystal and magnetic structures of LaMn,_,Sb, single
crystals were determined by the x-ray and neutron pow-
der diffraction measurements, respectively. The x-ray powder
diffraction (XRPD) data were collected using a PANalytical
powder diffractometer (Cu K,, radiation). The neutron powder
diffraction (NPD) measurements were performed on high-
resolution neutron powder diffractometer ECHIDNA at the
OPAL reactor [13], Australian Nuclear Science and Tech-
nology Organization (ANSTO). The powder used in neutron
diffraction measurements was prepared by pulverizing Sb-
flux-grown single crystals (2 g). Rietveld refinements against
XRPD and NPD data were performed with FullProf Suite and
TOPAS-Academic V6 software, respectively.

To understand the electronic structure of LaMn;_,Sb,,
first-principles calculations with spin-orbit coupling (SOC)
were taken into account have been performed using Vi-
enna ab initio Simulation Package (VASP) in the framework
of density functional theory (DFT) [14,15]. An Mn fully
occupied tetrahedral LaMnSb, cell with the lattice con-
stants of a =4.377 A, b=4.377 A, and ¢ =21.735 A
were adopted for the theoretical structural model. Note
that ¢ is doubled compared to the XRPD results due
to the AFM ordering, as shown in Fig. 3(c). The gen-
eralized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) [16] was taken as the exchange-correlation
potential. The projector-augmented-wave (PAW) pseudopo-
tential [17] with an energy cutoff of 270 eV was
adopted as the basis set. A I'-centered Monkhorst-Pack

k-point mesh of 10 x 10 x 2 was adopted for sampling the
first Brillouin zone.

Specific heat and magnetotransport measurements up
to 9 T were conducted in a Quantum Design DynaCool
Physical Properties Measurement System (PPMS-9T). The
angle-dependent measurements were performed by using a
home-built insert mounted with a rotator in PPMS-9T. Magne-
tization was measured with the Quantum Design VSM option
of PPMS-9T. Electrical resistivity p,, was measured using a
standard four-probe method. Hall resistivity p,, was measured
by a four-terminal technique by switching the polarity of the
magnetic field to eliminate contributions from p,,. Seebeck
coefficient was measured using a home-built probe with one
heater, and two-thermometer geometry.

III. RESULTS AND DISCUSSION

A. Crystal and electronic structures

As shown in Fig. 1(a), LaMn;_,Sb, crystallizes into a
tetragonal structure (space group P4/nmm), which consists
of La, MnSb(1), La, Sb(2) layers alternately stacking along
the ¢ axis [10]. Sb(l) and Sb(2) represent the Sb atom
located in anti-PbO MnSb(1) layer and Sb(2) square net,
respectively. Sb(2) atoms are arranged in a checkerboard-like
square net fashion as that in YbMnSb, [Fig. 1(b)] [18], which
is distinct from the zigzag chains found in orthorhombic
AMnSb, (A = Ca, Sr, Ba, and Eu) [7,19-21]. Figure 1(c)
presents the x-ray powder diffraction pattern measured on
pulverized Sn-flux grown single crystals, which can be well
refined by the LaMn;_,Sb, structure without discernible
impurity. The refined lattice parameters are summarized in
Table I, consistent with those reported in polycrystals [10].
The refined chemical composition for Sn-flux-grown single
crystals is LaMng g¢Sb,, suggesting the existence of deficien-
cies on the Mn site. As shown in Supplemental Materials
[12], LaMn;_,Sb, single crystals with 0 < x < 0.16 can be
successfully synthesized via the Sn-flux method. Therefore,
LaMn;_,Sb, is adopted as the general chemical formula, and
the specific composition, i.e., LaMng gsSb,, denotes the de-
tailed single crystal used for physical property measurements.

The Sb square net is located in a similar chemical envi-
ronment as that in A>*MnPn,, and therefore Dirac dispersion
is expected in the electronic structure of LaMng g¢Sb,. First-
principles calculation is performed on assumed stoichiometric

TABLE I. Crystallographic parameters and atomic coordinates
of LaMnggeSb, extracted from the Rietveld refinements of room
temperature powder x-ray diffraction pattern.

X-ray powder diffraction

Space group: P4/nmm; a = b = 437663 A, ¢ = 10.8675 A;
R, = 3.03,R,, = 3.95, GOF = 2.13

Atom  Wyckoff x y z Occ.  Bey(A?)
La(l) 2c 0.25 0.25 0.23158 1 1.61
Mn(1) 2b 0.75 0.25 0.5 0.859 2.83
Sb(1) 2c 0.25 0.25 0.65588 1 1.86
Sb(2) 2a 0.75 0.25 0 1 1.45
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FIG. 1. (a) The crystal structure of LaMn;_,Sb,, in which Sb(1) and Sb(2) denote the Sb bonded with Mn and Sb, respectively. (b) Top
view of the Sb square net. (c) Refined x-ray powder diffraction (XRPD) pattern for LaMn g¢Sb,. The inset shows a photograph of LaMn g¢Sb,
single crystal. (c) Band structure for stoichiometric LaMnSb,, which was calculated considering the spin-orbital coupling (SOC) for a G-type
AFM structure as shown in Fig. 3(c). Blue and green dots, respectively, represent the states from Mn and Sb.

LaMnSb, with a G-type AFM ordering to get the electronic
structure, and the result is plotted in Fig. 1(d). Multiple bands
cross the Fermi level creating the metallic Fermi surface
pockets with an average velocity of 3.194 x 103 m/s in com-
bination with both electron-like and hole-like dispersions. The
Dirac-like dispersion at 0.63 eV below Fermi level along I'-M
line is derived from p-band of Sb as reported in STtMnSb, and
YbMnSb, [22,23]. These results indicate that LaMnSb, could
be a Dirac semimetal as expected for the square-net materials
via adjusting the Fermi level.

B. Magnetization

The temperature dependence of magnetization with B || ¢
(M(T)) and B L ¢ (M (T)) measured at different magnetic
fields up to 9 T are plotted in Figs. 2(a) and 2(b), respectively.
The subscript || (L) stands for B || ¢ (B L ¢) throughout this
paper. As shown by the insets of Figs. 2(a) and 2(b), there is
no obvious bifurcation between the magnetization measured
in zero-field-cooled (ZFC) and field-cooled (FC) modes, and
only ZFC data are shown in this paper. The overall behav-
ior of M(T) is similar to that of SrMnBi, and PrMn;_,Sb,
[3,24,25], and a magnetic transition at 7y = 146 K can be
identified, which can be assigned to the antiferromagnetic
transition based on the neutron measurements. M (T') exhibits
an isotropic behavior at the paramagnetic state. A remark-
able anisotropy develops below Ty, where M| (T) decreases
while M (T) increases with temperature cooling across Ty
[Figs. 2(a) and 2(b)]. The weak upturn at Ty for M (T)
signifies the existence of spin canting [inset of Fig. 2(b)].
The decrease of M| (T) below Ty is gradually suppressed by
increasing the magnetic field, and isotropic M (T ) curves are
observed when 7' > 5 T. M(T) < M (T') below Ty implies
that the Mn moments orient along ¢ axis. Note that a Curie-

Weiss tail can be visualized in both M (T) and M, (T) at
low temperatures, indicative of a remarkable paramagnetic
contribution.

Figures 2(c) and 2(d) show the isothermal magnetization,
M (B), measured at different temperatures with B || ¢ and
B L c, respectively. No hysteresis was observed in the mag-
netization loops [Fig. 2(g)]. With increasing magnetic field
below Ty, M| (B) increases linearly first, then steeply after
a metamagnetic transition, and eventually, increases with a
smaller slope at the high magnetic field, while M, (B) exhibits
a typical Brillouin functional form paramagnetic behavior.
The maximum moment of LaMnggsSb; is ~ 0.6 ug/f.u. at
9 T [Figs. 2(c) and 2(d)], far from 3.276 pug/Mn inferred
from neutron measurements. The metamagnetic transition at
~ 3 T for M (B) is consistent with the spin-flop transition for
an antiferromagnet with moments oriented along the ¢ axis.
The critical field for spin-flop transition (Byy) is defined as the
peak of the first derivative of magnetization with respect to
the magnetic field (dM(B)/dB) [Fig. 2(e)], which is signifi-
cantly lower than that in A>*MnPn,, where no metamagnetic
transition of Mn sublattice has been observed in a magnetic
field up to 35 T [4,26]. The magnetic transitions for B || ¢ are
summarized in a phase diagram [Fig. 2(h)] to highlight their
temperature and field dependences.

To further understand the magnetization data of
LaMn gsSb,, we grew a series of LaMn;_,Sb, single
crystals with different Mn vacancies (x = 0, 0.14, and 0.16).
The data of LaMnSb,, LaMnggsSb, and LaMnggsSb, are
shown in the Supplemental Material [12], where systematic
evolution of the magnetic properties as a function of Mn
vacancies was observed. LaMnSb, exhibits a typical AFM
behavior with 7y = 172 K and no Curie-Weiss tail can
be observed. As Mn content decreases, Ty decreases to
145 K in LaMnggsSb, and 138 K in LaMngg4Sb,. The
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FIG. 2. Temperature-dependent magnetization M (T") for LaMn g¢Sb, at various magnetic fields up to 9 T for both B || ¢ (a) and B L ¢ (b).
The insets show the data of B = 0.1 T. Panels (a) and (b) use the same legend. (c—f) Field-dependent magnetization M (B) and corresponding
first derivative dM (B)/dB at various temperatures for B || ¢ and B L c. Panels (c)—(f) use the same legend. (g) Magnetization hysteresis loops
at 2 K for B || ¢ and B L c, respectively. (h) Magnetic phase diagram of LaMn, g¢Sb, for B || c. The criteria for the spin-flop transition are
defined as the peaks of the first derivative of magnetization (dM/dB) and resistivity (dMR/dB), respectively, as marked by the arrow in

Fig. 2(e) and dashed lines in Fig. 5(b).

saturation behavior of M(B) is achieved in LaMnSb,, while
paramagnetic M(B) curves are observed in LaMnggsSb,
and LaMng g4Sb,. Through the comparison of magnetization
data between LaMnSb,, LaMnggsSb,, and LaMngg4Sh,,
the magnetization of LaMnggsSb, can be well understood
in the framework of an anisotropic antiferromagnet, where
the Curie-Weiss tail in M(T') curves and the paramagnetic
M (B) curves are induced by the unpaired spins and weakened
antiferromagnetic coupling, respectively, both of which are
associated with the Mn vacancies.

During the single crystal growth process, we found that
LaMn,;_,Sb, single crystals are easily contaminated with
ferromagnetic impurity, even in crystals without discernible
impurity phase in the XRPD pattern, which could manifest
itself in the magnetization due to the much stronger magnetic
signal than the antiferromagnetic matrix. Some of our single
crystals include MnSb as the impurity phase in the XRPD
pattern, which is a strong ferromagnet with Curie temperature
that varies with stoichiometry between 363 K and 587 K
[27]. MnSb is also suggested to exist in sister compounds
AMnSb; (A = Yb, Sr) [27,28]. Thus, the paramagnetism and
reported ferromagnetism in LaMn;_,Sb, might be induced
by the impurity. Another explanation for the origin of the re-
ported ferromagnetism in LaMn; _, Sb, polycrystals is the spin
canting as those observed in YbMnBi, and Sri_yMn;_.Sb,
[6,7].

C. Neutron diffraction

Neutron powder diffraction patterns collected at 150 K,
80 K, and 3.5 K on pulverized Sb-flux-grown LaMng 73Sb,

single crystals are shown in Fig. 3(a), and the refined struc-
tural and magnetic parameters are summarized in Table II. At
150 K, above the Ty, the diffraction pattern can be fitted to the
expected P4/nmm crystal structure. In 3.5 K and 80 K pat-
terns, additional peaks are observed [Fig. 3(b)], indicating the
emergence of the long-range magnetic order. These peaks can
be indexed with a commensurate wave vector k = (0, 0, 1/2).
The Baslreps program is used for the determination of the
magnetic structure, which gives the symmetry-constrained
models of the magnetic structure. The decomposition of the
magnetic representation for the 2b site of the space group
P4 /nmm with a propagation vector of k = (0,0, 1/2) is as
follows: I',,(2b) = 1Ty + 1’5 + 19 + 1Ty.

The details of these irreducible representations and the
associated basis vectors are tabulated in Table III. For I'2
and I'9, the magnetic structures can be described as A-type
AFM with ferromagnetic layers stacked antiferromagnetically
along ¢ axis, of which the spins are oriented along the ¢
axis (I'2) and within the ab plane (I'9), respectively. The
magnetic structures of I'5 and I"'10 are so-called G-type mag-
netic structures, of which the spin is aligned antiparallelly
with its two interlayer and four intralayer nearest neighbors.
The difference between the magnetic structures of I'S and
I'10 lies in the spin orientation, which is oriented along the
¢ axis for I'5 and ab plane for I'10. To extract the proper
irreducible representations, the comparison of the magnetic
diffraction pattern with various irreducible representations is
shown in Fig. 3(b). The observed magnetic diffraction peaks
cannot be reproduced with the I'9 and I'2 representations.
Thus, there are only I'S and I'10 representations that can
describe the magnetic diffraction peaks, which correspond
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FIG. 3. (a) Refined neutron powder diffraction (NPD) patterns for LaMn,75Sb, at various temperatures. Asterisks (*) mark the magnetic
Bragg peaks and pound signs (#) mark the impurity. The impurity was not observed in the corresponding XRPD pattern and cannot be indexed
by a common impurity phase, i.e., Sb or MnSb. The peak intensities of the impurity do not change with temperature and do not affect the
refinements for magnetic structure. (b) The magnified view of the NPD patterns at 150 K, 3.5 K, and their difference /(3.5 K) — /(150 K)
which can be taken as the magnetic diffraction. The diffraction pattern of various irreducible presentations is plotted together for comparison.
(c) The magnetic structure of LaMn, 75Sb,, dashed line represents the crystallographic unit cells. The magnetic unit cell is doubled along the

¢ axis with respect to the crystallographic unit cell.

to G-type magnetic structures with moments aligned along
¢ (I'5) and ab plane (I'10), respectively. Although magnetic
reflections corresponding to I'S and I" 10 representations have
the same peak positions, I'5 gives rise to a better description
of the peak intensities than I"10, as reflected by the relative
intensities between (1 0 1/2) and (1 0 3/2) peaks [Fig. 3(b)].
Moreover, when we perform the Mn magnetic structure refine-
ments with the I'5 and I"10 representations, the obtained R,
factors are 3.7% and 3.9%, respectively. These results indicate
that the magnetic diffraction patterns can be best described
with the irreducible presentation, I'S, which is equivalent to
the magnetic space group P.4/ncc (BNS no. 138.528). The
magnetic structure corresponding to the I'5S representation
of LaMny 73Sb; is displayed in Fig. 3(c), showing a G-type
AFM structure with all Mn moments oriented along the ¢
axis, consistent with the magnetization results. The refined
Mn moments are 2.44(4) ;g and 3.28(4) ug at 80 Kand 3.5 K,
respectively. The saturation magnetic moment of ~ 3.3 up is
comparable to that of sister compounds AMnPn; (A = Sr, Ca,
Yb; Pn = Sb, Bi) [29,30], but significantly smaller than 5 up
expected for the localized Mn?>* (3d°, S = 5/2).

The G-type AFM structure was also observed in SrMnBi,
[29], but different from the C-type magnetic structure
in CaMnBi, and YbMnSb, [28,29]. It was reported that
PrMn, _,Sb, has an identical magnetic wave vector of k= (0,
0, 1/2) with LaMng73Sb,, however, the reported magnetic
structure contains A-type and G-type arrangement along the
¢ axis and within the ab plane, respectively [24,25], which is
the linear combination of I'2 and I"10, or the monoclinic mag-
netic space group C.cca (BNS no. 68.518). For LaMng 73Sb,,
the symmetry allowed canted AFM corresponds to I'S + I'9
representations. As shown in Fig. 3(b), the existence of I'9

component cannot be resolved by current neutron diffrac-
tion measurements, suggesting either the absence of or a
very weak spin canting in LaMng73Sb,, contrast with the
canted AFM suggested by the magnetization measurements
for LaMng gSb,. The possible explanation is that the canting
in LaMn;_,Sb; is either too weak to be recognized by neutron
measurements or sensitive to the Mn vacancies. Based on
the magnetization and neutron measurements, the magnetic
structure of LaMn gsSb; is very likely a G-type AFM with a
weak canting.

D. Transport properties

Temperature dependence of in-plane electrical resistiv-
ity for a LaMng gsSb, single crystal is plotted in Fig. 4(a),
which exhibits a metallic behavior with a slope change at
Tn = 146 K. The slope change is caused by the loss of
spin-disorder scattering upon antiferromagnetic ordering. The
antiferromagnetic transition is also manifested as a jump in
specific heat and a slope change in the Seebeck coefficient
[Figs. 4(b) and 4(e)], indicating a bulk intrinsic transition. The
room temperature resistivity is 160 n<2 cm, and the residual
resistivity ratio (RRR) is estimated to be p(300 K)/p (2 K)
= 3.3. RRR is smaller than that of AMnSb, (A = Sr, Ba, Eu,
and YD) [5,7,18,20], which might be caused by the strong spin
disorder scattering.

Hall resistivity and Seebeck coefficient are measured to
get insight into the carrier information. p,,(B) curves exhibit
a slight nonlinear behavior with the positive slope in the
temperature range of 2—300 K [Fig. 4(¢)], indicating the multi-
band behavior with dominant hole-type charge carriers. The
hole concentration estimated by a single-band linear fitting
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TABLE II. The crystal and magnetic structure parameters of
LaMn, 75Sb, determined by neutron diffraction.

T =150K

Space group: P4/nmm; a = b = 4.3740 A, ¢ =10.8015 A;
Magnetic moment: 0 ug/Mn; R, = 21.5, R,,, = 18.7, Bragg R

factor: 7.58
Atom Wyckoft X y Z Occ.
La(1) 2c 0.25 0.25 0.23178 1
Mn(1) 2b 0.75 0.25 0.5 0.77664
Sb(1) 2c 0.25 0.25 0.65623 1
Sb(2) 2a 0.75 0.25 0 1
T=80K

Space group: P4/nmm; a = b = 4.3704 A, ¢ = 10.7947 A,
Magnetic moment: 2.353 5 /Mn;
R, =23.5,R,, = 20.1, Bragg R factor: 8.22

Atom Wyckoff X y z Occ.

La(1) 2c 0.25 0.25 0.23126 1

Mn(1) 2b 0.75 0.25 0.5 0.77664

Sb(1) 2c 0.25 0.25 0.65564 1

Sb(2) 2a 0.75 0.25 0 1
T=35K

Space group: P4/nmm; a = b = 4.3686 A, ¢ = 10.7882 A;
Magnetic moment: 3.2765 /Mn;
R, =25.5,R,,, = 21.6, Bragg R factor: 10.16

Atom Wyckoff X y z Occ.
La(l) 2c 0.25 0.25 0.23206 1
Mn(1) 2b 0.75 0.25 0.5 0.77664
Sb(1) 2c 0.25 0.25 0.65597 1
Sb(2) 2a 0.75 0.25 0 1

for the low-field part of p,,(B) curves is 2.4 x 102 cm™3
at room temperature [Fig. 4(d)], a slightly higher value than
that in AMnSb, (A = Sr, Ca, Yb) [18,19,27]. The dominant
hole-type carrier is further evidenced by the positive Seebeck
coefficient. As shown in Figs. 4(d) and 4(e), the behavior of
the Seebeck coefficient curve is similar to that of hole concen-

TABLE III. Basis vectors of the candidate irreducible represen-
tations (IR) I'2, I'5, I'9, and I'10, for the magnetic structure model
on the 2b site of space group P4/nmm with a propagation vector
of k = (0,0, 1/2). The last column denotes whether the IR can be
described by A or G types of AFM

Basic vector

IR x,y,2) (=x,y+1/2, —2) AFM type

T, 001) 00-1) A

Ts 001) 001) G
(100) (=100)

Ty 0—10) 010) A
010) (010)

T (=100) (=100) G

tration, which decreases upon cooling from room temperature
to ~ 50 K, and turns to increase with further cooling, forming
a minimum at ~ 50 K. Note that negative Seebeck coefficient
is observed (21 ~ 68 K), which is opposite to the sign of
Hall resistivity. The difference in the sign of the Seebeck
coefficient and Hall resistivity was usually interpreted in two
scenarios, i.e., multiband effect and energy-dependent scatter-
ing time [31,32]. The interpretation with multiband effect is
supported by the nonlinear Hall resistivity and band calcula-
tion in LaMng g6Sb,. For the multiband effect, the Seebeck
coefficient of a two-band metal comprising both electron and
hole can be expressed as [33]

§ = AN AN _ npepy|Syl — neeprelSe|

on + 0. op + 0,

)

where o = nep is the electrical conductivity with carrier
density n and mobility p, the subscript h(e) represents the
contribution of the hole (electron) band. According to Eq. 1,
the sign of the Seebeck coefficient is determined by both
the carrier concentration and mobility. According to the first-
principles calculation [Fig. 1(d)], both parabolic and Dirac
linear bands cross the Fermi energy, forming hole-type and
electron-type Fermi surfaces, respectively. As can be seen in
Fig. 4(e), the contribution of electron carriers increases as the
hole concentration decreases, and the sign change of the See-
beck coefficient occurs when the hole concentration reaches
its minimum value. The electron-type Dirac linear band has
higher mobility than hole bands with parabolic dispersion,
which could lead to the sign change of the Seebeck coefficient
in a compound still dominated by hole-type carriers. Because
there are multiple Fermi surfaces with different dispersion
as well as Mn vacancies induced spin disorder scatting in
LaMn g¢Sb,, the energy-dependent scattering time is also a
possible explanation for the different signs between the See-
beck coefficient and Hall resistivity.

Figure 4(f) displays the magnetic field dependence of
magnetoresistance, MR (B), measured under various field ori-
entations at 2 K, where MR is defined as MR(B) = [p(B) —
0(0)]/p(0) x 100%. For B || ¢, MR(B) shows a weak increase
up to ~ 2 T, then decreases steeply, forming a shoulder at
~ 2 T which coincides with the spin-flop transition in M(B)
curves, indicating its magnetic origin. The MR eventually
approaches saturation at the high magnetic field. The shoulder
blurs as the magnetic field titles away from the ¢ axis, and only
a continuous decrease is observed when 6 > 15°. The MR
value at 2 Kand 9 T is 9.8% for B || ¢ and 11.4% for B L c.

The MR(B) measured at different temperatures for B || ¢
and B L c are plotted in Figs. 5(a) and 5(c), respectively. MR
value decreases with increasing temperature for both B || ¢
and B L c. The main feature for MR |(B) curves is that as the
temperature increases the shoulder gradually shifts to a higher
magnetic field and eventually becomes invisible above Ty,
which can be better visualized by the first derivative of MR
with respect to the magnetic field ({MR/dB). The critical
field for the spin-flop transition (B¢) was defined as the peak
of dMR/dB, and the result is plotted in the magnetic phase
diagram in Fig. 2(h), agreeing well with that determined from
M(B).

For an AFM metal, MR is theoretically predicted to be
positive with the magnetic field applied along the easy axis

115150-6



SINGLE-CRYSTAL GROWTH AND PHYSICAL PROPERTIES ...

PHYSICAL REVIEW B 107, 115150 (2023)

(a) T T () T (e [ ' o
=
15k LaMn,) 4Sb, 03F ol B=0T ]
_ B=0T _
£ Tn l =
é S 02f
3 10F T (K) =
o ,\'1'00 1(')0 2(')0 300 = ! ’,
o z Ty o1 F}:‘?',»y" 100 K-
Q Sosh A5 —=— 2K 140K
5 = | y”‘" —— 10K 180K |
1 %{,‘(} ] O'OF/». 1 _T_S.OKI_’_.”(PK—
0 100 200 300 0 4
T (K) B(T)
(b) ' (d)23 '
_100F
A
5
g 5ok
-
o
O
0 N 1 N 1 N | N 1 1 N
0 100 200 300 0 100 200 300
T (K) T (K)

FIG. 4. (a) Temperature dependence of in-plane resistivity for a LaMn g¢Sb, single crystal; inset shows the first derivative of resistivity
with respect to temperature do(7)/dT. (b) Temperature dependence of specific heat C,(T') measured at B = 0 on the same single crystal.
(c) Magnetic field dependence of Hall resistivity o, (B) at different temperatures with B || c. (d) Temperature dependence of carrier
concentration extracted from the single-band fitting for p.,(B) in panel (c). (¢) Seebeck coefficient as a function of temperature. (f) Magnetic
field dependence of MR with field gradually titled away from c axis. Inset shows the configuration of the measurements, we cannot distinguish

in-plane directions in our measurements.

while negligible positive value when the magnetic field is
applied perpendicular to the easy axis [34]. AMnSb, (A =
Sr, Ba, Eu, and Yb) exhibits a positive MR with quantum
oscillation at a high magnetic field, and negative MR was
only observed in semiconducting EuMnSb, [5,7,9,18,20,21].
Negative MR is often observed in recently discovered in-
trinsic magnetic topological materials, such as Euln,As,,
Equ2P2, EuBiTe3, EU5Inzsb6, and MHBizTC4 [35—39] The
explanations for the negative MR in these magnetic topolog-
ical materials can generally be classified into two physical
mechanisms: spin alignment associated with spin scattering
(MnBi,Te4, EuCd,;P,) [36,39] and magnetic polaron asso-
ciated with the phase separation (Euln,As;, EuBiTes, and
EusIn,Sbe) [35,37,38]. Other mechanisms could also lead to
negative MR, such as the chiral anomaly in Weyl semimetal
[40], inhomogeneity of the sample [41], and current jetting
[40]. For LaMny g¢Sb,, the chiral anomaly is firstly excluded
due to the transverse measurement configuration [see inset of
Fig. 4(f)]. Current jetting can be rejected due to the large resid-
ual resistance. Although the inhomogeneity of LaMn,_,Sb,
single crystal could be strong, it cannot explain the strong
correlation with the magnetization. For the magnetic po-
laron mechanism, no evidence for the ferromagnetic cluster
can be found at T > Ty. Moreover, the metallic resistivity,
dp(T)/dT > 0, conflicts with the semiconducting resistivity,
dp(T)/dT < 0, expected for the polaron hopping conduction
[42,43]. Thus, the most likely mechanism for the negative MR
in LaMn g¢Sb; is the spin alignment effect.

In the spin alignment scenario [44—-46], MR is dominated
by spin scattering, i.e., the interaction between itinerant spins
and lattice spins. AFM coupling usually generates stronger
spin disorder scattering than FM coupling, resulting in a
high-resistivity state. With the magnetic field increasing, spin
disorder scattering will decrease as the spins are gradually
polarized to the field direction, resulting in negative MR. The
spin alignment theory predicts that MR is closely correlated
with magnetization [44-46], we, therefore, compare MR(B)
with M (B) in Fig. 5(d) to gain insight into their connection.
MR | (B) exhibits a negligible positive value when the magne-
tization slowly increases as a function of the magnetic field.
When B > B;y, the steep decrease of MR (B) is accompanied
by the sharp increase of M|(B), finally both MR(B) and
M (B) tend to saturation at the same time. MR | (B) vs M| (B)
exhibits a similar inversely correlation behavior.

To quantitatively reveal the correlation between MR(B)
and M(B), we try to fit MR vs M using the Majumdar-
Littlewood (ML) model [47]:

I[p(B) — p(0)1/p(0)] x 100% ~ (1/2k;&))*(M/Mw)*, (2)

where ky is the Fermi momentum and & is the correlation
length. As shown in Fig. 5(e), we take M,,x as M, and find
that MR, o< (M/Mp,y)*?, indicating the strong correlation
between MR and magnetization. The ML model is consistent
with the spin alignment mechanism [44,46,48]. Based on the
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FIG. 5. Magnetic field dependence of MR for a LaMn g¢Sb, single crystal at various temperatures with B || ¢ (a) and B L ¢ (c¢). Each
subsequent MR in (a) and (c) is shifted upward 2% for clarity. The dashed lines are guides to the eye. Panel (b) exhibits the first derivative of
MR with respect to the magnetic field for H || ¢. The dashed lines in (b) indicate the evolution of By;. Panels (a), (b), and (c) share the same
legend, which is displayed in (b). Magnetic field dependence of MR (d, left panel) and magnetization (d, right panel) for LaMng g¢Sb, at 2 K.

The cyan line marks the spin-flop transition. (d) MR vs (M /M.y )*?

analysis above, the negative MR in LaMn gsSb, can be ex-
plained in terms of the spin alignment effect.

IV. CONCLUSION

In conclusion, we successfully grew out LaMnggsSb,
single crystals using the flux method. There are 14% Mn
vacancies in LaMnggsSb, single crystals. Based on the
magnetization and neutron diffraction measurements, the
magnetic structure of LaMngsSb, is very likely a canted
G-type AFM. The negative magnetoresistance arising from
the spin alignment effect is observed. Although the first-
principles calculation indicates the presence of Dirac disper-
sion below the Fermi level, the relevant quantum transport
properties have not been observed due to the high Fermi
energy and the existence of Mn vacancy. Our results indi-
cate that LaMn,_,Sb, has a vacancy tunable magnetism and
Dirac dispersion, which could be an interesting topological
semimetal candidate via proper adjusting of the Fermi energy
and Mn vacancies. Further studies of putative Dirac states and
their interaction with magnetism are of high interest.

; red lines are linear fits.
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